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Executive Summary

The global energy system will need to produce ngero CO, around 2050 to 2065 tdimit warming

to 1.5°C,and several decades afteto limit warming to 2°C. The Paris goals cannot be met without
largely eliminating energy syste@O, emissions. Reaching neéro CQ emissionsby 2050 would
requireCO; emissions to decrease by about 2.2% to J8¥year for the nex30 yearsas compared
to average growth of over 2peryear from 2000 to 2018medium confidengg6.7}

In contrast, energy demands and emissions hawontinuedto rise. Fossil fuel CQ emissions from

the global energy system grew at an average annual rate of 1.26% between 2010 and 2019 reaching a
historic high of 38 GtCeyr?, despitaleclining energy intensity in almost all regio(igh confidence

{6.3}

Costs have dropped rapidly @er the last five years for gveral key energy system mitigation
options, particularly solar PV and batery storage.Investment costs for PV dropped 80% from 2010
2020. Battery costs dropped bybetweer2015 and 2020These cost reductions have spurredidin
and havecatalysedchanges in electricity generation andtive transportationsector Low-carbon
electricity is now cheaper than fossil generation in many regaastric vehicles i@ inaeasingly
competitive with internal combustioengines, and larggale batteryterage on electricity grids is
increasingly viable(high confidencg{6.3, 6.4}

Installed wind and solar PV capacity has increasedsubstantially in recent years.Combined they
constituted 9% of global electricity generatim in 2020 and are poised for largescale deployment
over the coming decadehigh confidencg. Policy, societal pressure to limit fossil generation, low
interest rates, and cost reductions have all dnivieidl and soladeployment igh confidence From
2013 to 2038, low-carbon electricity generation increased by 23%. The vast majority of the grawth
solar PV and wind power, whicirew by 215% and 75%. Growth of other lavabon electricity
sourceshas been limited. Lowarbon electricity generation teubiogies currently produce less than
40% of global electricity(high confidenceLow-carbon electricity willheed to produce almost 100%
of global electricityby 2050 to limit warming to for either 1.5 2°C. (medium confideng€6.3}

If current investment trends continue, not only will emissions increase, but the energy system will

be fdAl-om&kednt o higher emissions, viarky iasperts of tha n s f or
energy system are resistant to change or take many years to change. Phsesstraldnfre like electric

power plantspipelines,or buildings can last for decades. Institutions, laws, and regulations can take
decades to evolve and can hold back the rapid changes needed in the energy system. Societal
adjustments to new technologiemdake years as well. Continued investments in emitting or inefficient
infrastructure, particularly investments in cdiabd electricity will substantially increase the challenge

of meeting the Paris goals. The combined economic impacts of strandei&sssources and capital

could amount to trillions of dollarghigh confidence{6.7}

Future low-carbon power systemswill be increasingly weatherdependent, amplifying possible

climate changeimpacts locally and nationally and potentially influencing national mitigation
strategies.Climate change may have both positive and negative implications on energy supplies. There
is substantial uncertainty about these implications, but it is likelydiraate change will have an
important influence on some local and national energy systems, altering hydropower potential,
bioenergy and agricultural yields, thermal power plant efficiencies, and demands for heating and
cooling. Climate change could alsaciease the vulnerability of power systems through heat waves,
limits on cooling water, seasonal disruptions in renewable power generation, and direct impacts on
power system infrastructurenigh confidence{6.5}

The most strategic approach to carbomeutral energy systems will vary by region, but these
systems will share several common characteristic¥his includeselectricity systems that produce
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zero CQ or that remove C&from the atmosphereyidespread electrification of end uses, particularly

in areas such as ligituty transpd, space heating, and cooking; substantially loveer of fossil fuels

than todaytargeted use of alternative fuels (e.g., hydrogen, bioenergy, ammonia) to substitute for fossil
fuels in harder to decarbisesectors; morefficient use of energy than today; greater integration across
regions andomponents of the energy system; and use of some level of adicbtde removale.g.,

direct air capture or bioenergy with carbon dioxide capturdsaitdn or storage (CCUS))high
confidencg{6.6}

Electricity systems powered predominantly by renewables will be increasingly viable over the
coming decades, but it will be challenging supply the entire energy system entirely with
renewables figh confidencg. Research increasingindicates that large shares of variable solar PV

and wind power can be incorporated in electricity grids through batteries, other forms of storage,
broader transmission systems, advanced controls, and greater demand side résgbreedience
Ecoromic, regulatory, and operational challenges inaeagh higher shares, and the ability to
overcome these is not fully understoddgh confidence Beyond electricity, hartb-decarboise

sectors, such as aviation, industry, and agriculture, will make 100% renewable energy systems more
difficult to attain fnedium confidenge{6.6}

A number of energy supply options are competitive today to support neaerm mitigation, while

others await @mntinued improvements, to be viable for largescale deploymentSolar PVand wind

power are already cheaper than fossil electricity in many locationarangecoming competitive in
others. Nuclear power is economically viable in some circumstances, lidiat grad political support

along with improved constructionanagement and reactor designs to lower codlishe important to

allow its broader us@iofuels hold the promise of broadly supplanting fossil fuels in some applications,
but next generatiomonversion processes are not yet -@ffictive, and a broad set of challenges
associated with bioenergy crop production rem@@USis techrologically ready, but remains in the
demonstration stage and will always cost more than comparable processieh i@@hs not captured

and stored, necessitating strong policy support. Hydroelectric power continues to be a major source of
electricity, but the potential for increased deployment is modest when considering broader
environmental constraintangdium cofidence {6.4}

While action needs to be taken across all sectors of the economy, some energy sector mitigation
options can provide more immediate emissions reductions than otherKey near term actions
include deploying lowand zerecarbon electricity sages; halting the construction of new cdiaéd
power plants and retiring existing cdakd power plants; limiting the construction of new giasd

power plants; installing electric heaters (fiheat

gasoline with those using electricity; and installing more efficient technologies wherever possible.
These should be accompanied by efforts to improve and test out options that will be important later on,
including fossil power plants or bioenergy powempgaor refineries with CCU$ydrogen produced

from water electrolysis using carbémee electricity, synthetic fuels, and carboeutral ammonia.
(medium confiden¢€ 6.4, 6.%

The viable speed and scope of energy system change will depenchow well sud change can

support broader societal objectvesWhi | e many st udiceseeffettiaay ee n edreqyt i f

systems, countries will make choices on how to navigate an energy system transition based on a wide
variety of factors. Energy systems are linkedir and water pollution, energy security, food security,
economic prosperity and international competitiveness, employment, and provision of tieaéagic
relatedservices (such as heating, cooling, lighting, cooking). Energy system transformationtwil

occur if it strongly conflicts with these goa{6.7}

Energy system mitigation will create stranded assets associated with fossil resources and
infrastructure, reduce the value of these assets, and eventually dramatically reduce the size of
fossilrelated industries. The combined economic impacts of stranded fossil fuel resources and capital
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coud amount to trillions of dollardNew investments ifossil generation, particularly coal generation,
without CCUS are inconsistent wilimiting warming to1.5°C While natural gas generation provides
nearterm reductions relative to cefited generatio, it creates emissions and will need to be retired
earlyin many countries if energyector emissions are to be brought to zero. Investmepetrioleum
refining may be stranded with a move to electric transportation infrastructure. Most fundamentally,
limiting warming to1.5°Cor 2°Cwill decrease the use and value of fossil fuBlss will affectthose
industries, individuks, and societies that depeon fossil revenues and fossélated jobsraising the
importance of policies to ensure just traiosis (high confidence}6.7}

Energy system transformation will require a shift in investment patters anctreate a range of new
economicopportunities associated with lowcarbon energy systemsEmerging industries, such as
renewable energy industries omA@ssil transportation are set tmgv substantially.Hligh confidenck
Limiting warmingto 1.5 °Cwill require a rapid expansion of investment in energy supply, from the
currentUSD 1.8 trillion per year, tdJSD 2 -3 trillion per year in 2030, toJSD 2.5-4 trillion per year

in 2050. Ifwarming is limited to 2C, investment in energy supply will gradually increase, reaching
USD 1.5-2.5 trillion per year in 2030 anldSD 2.5-3.5 trillion per year in 2050Medium confidende

{6.7

Costreductions in key technologies have driven down expectations for netarm mitigation costs
Near-term costsare heavily dependent on the costs of reducing emissions from electricity and
increasing electrification, and they may well be negative or zero irsome circumstancesLong

term mitigation costs are not well understood and depend on policy design and implementation, future
costs and availability of technologies in hanedecarboise sectors (e.g., procebgat, longdistance
transport)and the devejament of electrification processes in amk sectorsLongterm cossk are

likely to be moderate in many circumstances. Major advances htdowon energy resources and
carriers such as secogéneration biofuels and hydrogen would substantially improgestonomic
attractiveness of netero energy systemsviédium confidengd6.4, 6.7}
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6.1 Introduction

The global energy system is the largest source oféd@issions (Chapter 2). Reducing energy sector
emissions is therefore essential to limit warmifigeenergy systems of the future will be very different
than those of today if the world is successful in limiting warming to well b&f@or to 1.5 C Energy

will be provided in different ways, converted in different ways, and used in different(lrigyse6.1).
Achieving and responding to these changes presents an impressive range of chalhehges
opportunities

World energy balance 2018 (EJ)
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Figure 6.1 Energy flows within the current energy system (top panel) and within millustrative future,
net-zero COz emissions energy system (bottom panel).
Source: IEA, IPCC Databadgdlote to reviewer$ these figures are still under development, due to different
accounting practices betweéistorical data and future scenarios. Notably, futweenariosshould still include
energy for AFOLU and neenergy applications. This will be drkessed in the final version of the figure.]

Within this context, this chapter has two main objectiFest, it assesses specific, individual mitigation
options in energy supply, transformation, and transportation and transmission. This second focus is
complementary to a set of chapters that explore mitigation options in agriculture, forestry, and other
land uses (Chapter 7), urban systems and other settlements (Chapter 8), buildings (Chapter 9), transport
(Chapter 10), industry (Chapter 11), and cressoral perspectives (Chapter 12). Secdhis chapter

aims to assess systdavel mitigation opportunities and challenges across the entirety of energy
systems. This system includes energy supply, transformation, transmssiageand transportation,

and end uses and end usdtrsilso includes the societal systems that interact with the physical energy
system. As energy systems become increasingly integrated and interconnected, awilestem
perspective is necessary for understanding mitigation apmpties and challenges.

Within this context, thischapter addresses six questions, each of which is addressed in a separate
section. First, as a matter of setting the stage, what is the scope of the energy aydtpotential
changdgSection 6.2)? Seoal, which recent trends in energy systems nagbtt the greategtfluence

on energy systeravolution and options for reducing emissions (Section 6.3)? Third, what is the status
and potential of individual energy supply, transformation, storage, traagporand transmission, and
integration options (Section 6.4)? Fourth, haight climate change affect energy systems and alter
potential energy system mitigation options and strategies (Section 6.5)? Fifth, what are the key
char act enetizesa dnergy systdms fiose that emit no CQor that actually sequester €O

from the atmosphere (Section 6.6)? Sixth, and finally, what are the transition pathways toward and
throughnetzeroenergy systems (Section 6.7)?

6.2 The Scope of the Energy System and iiossible Evolution

For the purposes of this chapter, energy systems are defined broadly to include both physical and
societal elements. The physical infrastructure includes all the infrastructure and equipment used to
extract, transform, transport and tsamit, and convert emgy to provide energy services.addition to

the physical system, a broad range of societal systems and dynamics are relevant to the energy system.
Human societies use energy to transport themselves and the goods that they ussuaneé, ¢o heat,

cool, and light their homes, to cook their food, to travel, to produce goods and services. Energy systems
are therefore tied to the systems involved in the provision of these various goods and services. All
energy users engage in the operabf energy systems by demanding energy at particular times and in
particular forms. They can adjust their behaviour and demands, for example, by using less energy or by
adjusting when they use energy. Consumers can make investments in equipmestuidest their
energyneedsand they can invest in energy transformation (e.g., rooftop solar) and storage. Firms and
governments invest in equipment to produce, transform, and transport energy, from power plants to oil
tankers. All aspects of energy systems are governed by legedations, and actual institutions that
reside within businesses and governments at all levels, for example, rutagiftg emissions permits,
deciding when particular electricity generation technologies might come on line, water management
and relate@nvironmental rules that define the availability of hydropower or influence water availability

for cooling power plants, regulations for injecting £@o underground reservoirs or disposing of
nuclear waste, and even company policies regarding works hmuteleworking, which can have
important implications for energy demand profiles. Many people are employed in the energy sector,
and energy system mitigation will reduce eliminate some jobs while creating others.
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This broader view of energy systems ssential for understanding energy system mitigation, as these
broader societal and institutional factors can have an important influence on energy system

transformations and the potential to rapidly reduce energye@@sions. Energy system mitigation is

as much about the challenges of societal change as it is about the challenges of changes in energy in
physical infrastructure, technologies, and operations. While this chapter does not attempt to draw a

specific boundary around all the different systenat thteract with the energy system, it frequently
explores these broader system interactions when assessing differgationitoptions and strategies.

Thereis no single spatial scale at which energy systems might be defined and assessed. They can be
as®ssed at the scales of homes, cities, states or provinces, countries, regions, or the entire world. These
different scales are frequently both distinct with their own internal dynamics yet also connected to one

another. This chapter most frequently assessgy systems from the country and global perspective.

6.3 Recent Energy System Trends and Developments

6.3.1 Energy sector emissions continue to grow, although the rate of increase continues

to decline

[Note: The energy supply system is defined in this sectioenaempassing all primary energy,

conversion, and transmission processes with the exception of those that use final energy to provide
energy services in the efude sectors (transport, buildings, industry and agriculture). The full energy
system icludes @eergy end uses sectdrs.

Current energy

bel ow (IRCEQR618) Global energy system fossil fuel g@missions grew at an average

sector

emi ssi

ons

trends, i f

compounded annual rate of 1.3 between 2010 and 2019 reaching a high of 38 Gy@@ and
accounting fompproximately twethirds of annual global anthropogenic emissidfigyre6.2).

Coal was the single largest contributor to emissions between 2010 Bda20ounting for about 45

cont i

% of emissions. Qil accounted for about 35% of emissions, and natural gas accounted for about 20%.
Coal, oil and natural gas G@®missions grew respectively at annual rates of 0.37%0.44%yr* and
0.89%yrt. The power indstry remains the single largest source of energy sector GHG emissions,
accounting for about 38% in 2018, followed by industry at 22% and transport (excluding international

shipping and aviation transport) at about 18%re6.3 top right). Shipping and aviation international

accounted for less than 3.3%. These relative proportions have remained relatively unchanged over the
last decade. These trendsnferce the neaterm challenges facing energy sector mitigatigpower
sector emissions continue to rise despite rapid deployment of wind and solar power (6.3.5);

transportation emissions continue to rise, and petroleum remains the dominant fuel adisspites

in batteries and electric cars ()83.Some specific sectors, such as shipping and aviation may present

longerterm challenges.
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Figure 6.2 Global fossil fuel CO: emissions and annual change 2068019* (MtCOy).
(Source: adapted from Crippa et al. 2020.)

Energy supplyGHG emissions reached 20 Gt&E€y in 2018, rising from 18 GtCGtq in 2010.
Approximately 20% of energy supply emissions were-8Gn emissions, particularly methane as
fugitive emissions in oil, gas, and coal operatidfizergy supply GHG emissions grew at an annual
rate 0f1.33%yr! between 2010 and 2018. They were roughly flat between 2013 and 2016, then
roseby1.6%yr from 2016 b 2018 Electricity and heat contributed approximately 70% of total energy
supply GHG emissions in 201&i@ure 6.3 bottom left). This growth has occed despite the high
penetration of solar PV and wind utiliscale power plants particularly in Asia and developed countries.
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Figure 6.3 Top left Global energyrelated CO2 emissions by fuel (MtCQ yr-1), and Global Energy GHG
emissions by secto(GtCO2-eqyr1)1990-2018
(Source: IEA fig 62 top right and bottom (Crippa et al. EDGAR database)

Despite the declining energy intensity, global energy systepe@@sions have closely tracked GDP

per capita. This is especially the case in the Asianao®@s, which have experienced rapid GDP per
capita growth in the past decades and a massive rise in energy démarahd Cao 201Zhu et al.

2014) Similarly, emissions have declined in times of economic downiuimrsexample, in Eurasia in

the 1990s and globally in 2009. Population growth is also a batitrg factor globally and in most
regions particularly Africa, albeit to a significantly lower extent than economic growth. Energy intensity
has decreased across all regions since 2010, with a global averagEefr?, which has helped to

hold in che& the implications of economic and population growth. However, there is no region where
12  this factor alone would have been sufficient to decreasge@ssions from the energy system. In

13  Europe and North America, the only two regions where emissions dedmmasningfully since 2010,

14 a steady decrease in the carbon intensity of energy was the other significant downward driver. In the
15 case of the EU, the reduction in carbon intensity is largely due to the increase of renewable electricity
16  production coupled ith the low levels of fossil fudbased production in the energy nfixyrstad et al.

17 2019)
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Figure 6.4. Drivers of greenhousegasemissions across selected regions

Fugitive emissions from fossil fuel production, primarily methawepunted for about 20% of sector
supply emissions in 2018, with 2.7 Gt @@Qyr linked to oil and gas production and 1.2 GtL£qyr

1to coal mining EDGAR data(Crippa et al. 2019) Oil and gas operations produced 2.9 Gi&yr

1in 2019 (82 Mtyr't as methane), split roughly equally between the two (www.iea.org/reportsfreetha
tracker2020/methandrom-oil-gas). There remains a high degree of uncertainty in methane emissions
estimates from oil and gas operations despite the emergence of new data from satellites and other

© 0O ~NOO UL W

10

11
12
13
14
15

measurement campaigns. According to a recent stddyiel et al. 202Q) methane emissions are

underestimated by about 25 to 40 per cent.

The marginal increase in petroleum and refining emissions since 2010 can be explained by the refining
capadty and the demand for petroleum products. During the decadeZZ@3 the annual growth rate

of the refining throughput was only 1% and remained unchanged betweer2 @@ BP, 2020)

Biomass emissions are mainly from biomass povaertpland charcoal manufacturing. These emissions
remain low, at less than 1% of the energy supply system GHG emissions. It is nevertheless important
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to highlight uncertainties regarding emissions from biomass particularly for charcoal manufacturing
given te informality of the charcoal value chain.

Increasing energy system €€@missions has been driven by rising emissions in China, India, and other
emerging economies; however, per capita, @@issions in these countries still remain well below
developed contries. From 2015 to 2019, East Asia, South Asia, and $aghAsia energy sector GO
emissions grew at annual rate of 6.984, 5.6%yr?, and 4.4%yr?. The relative shares of Europe and
theU.S.have continue to decline, in part because of declining emissions in Europe, and in larger part
due to the growth in other countrigsqure6.4 andFigure6.3 bottom right).

6.3.2 Global energy production and demand continue to grow, although the rate of
increase continues to decline

Recent changes in temergy system can be viewed within the context of loteyen trends in energy

supply and use. Over the last decade, there has been a significant increase in the total primary energy
supply (TPES) and some structural changes in energy sources. TPESA§tguw rom 2010 to 2018,

from 540 EJ to 602 EJ. Natural gas consumption grew most quickly during this period, atr2.2%

Coal and oil grew at annual rates of 0.6984 and 1.2%yr?, respectivelyln 2018, the share of coal,

oil and natural gas ithe TPES was respectively 28%, 32% and 21%, representing only a modest shift
from 2010, when the shares were 27%, 32% and 23%. Renewables, excluding hydropower, grew at
annual rate of 11.5% during this period however their share remains marginal in 20j8W2% of

the TPES as compared to 0.9% in 208igre6.5 left).

The total final energy consumption (TFC) increased lyb%rom 20162018, risirg from 369 EJ to

414 EJ. This is a much lower growth rate than in the previous decade Y23 @igure6.5 right). In

2018, oil and particularly opproducts used for transportation accounted for 41% of the TFC. This trend
reflects that the penetration of ntwssil fuels is still marginal despite a significant growth of electric
vehicles during the recent years. Coal still accounted for 10% of theiT2G18, dropping only
marginally from 12% in 2010. Coal is mainly used as a primary source of energy in industry and to a
lesser extent in the residential sector. The share of electricity increased modesfly%ron2010 to

19% in 2018reflecting increasing access in developing countries and increasing use of electricity for
a wide variety of end uses in the residential sgstee Box 6.1)Heat accounts for approximately 3%

of the TFC and is mainly used in industry and the residesdizbr. Biofuels and waste accounted for
11% of the total final consumption in 2018, only modestly changed from a decade earlier

700
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50— 50 m—
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Figure 6.5 World Total Primary Energy Supply (TPES) (EJ) and total final energy consumption (TFC)
20002018 (adapted from IEA world energy balances (database for IPCC)

There are important differences in fuel use across countries. While developed countries almost
exclusively use modern fuels, many countries still obtain a fesigion of their energy from traditional
biomass. Traditional biofuels (fuelwood and charcoal) are particularly important in the TFG- of sub
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Saharan countries and some Asian countries such as India particularly in the residential sector for
cooking. Africais still charactased by a high share of traditional biomass (mainly fuelwood) in the
primary supply and final consumption. In 2018, biomass and waste in Africa accounted for more than

Chapter 6

80% of the TPES against 9.2% on average worldwide.
Asia has been pactularly important in TFC growth since 2000. In 2018, Non OE&{a and China

accounted fomore than a third of the TFQEA 2020a) In contrast, TFC has remained stable in the

OECD over t he

the world TFC) particularly in suBaharan countries. Approximately 860 million people mostly in sub
Saharan Afica and some Asian countries lacked access to electricity and about 2.65 billion o clean

ast

decade.

Despite

IPCCARG6 WGIII

a steady

cooking facilities in 2018 (IEA, 2019). Achieving universal energy access (B! require energy
transitions in the domestic sector, including new developmentsffigrid energy technologies,

emphasis on rationalng energy subsidies, and increasing efforts to address health concerns related to

the use of traditional fuels.

6.3.3 Nonclimate factors continue to drive energy systems changes

While climate changesiimportantin driving energy system changes, recent energy system changes

have arisen in response to a much broader set of factors beyond climate change mitghitting
energy access, energy secyrdy pollution,andtechnological progress keymitigation technologies

Energy AccessBetween 2000 and 2016, nearly 1.2 billion people gaiaeckss toelectricity.
Increasingly, those who gain access are doing so via renewable sources, and idedeystems are

provingcosteffective way in rurbareaqIEA 2017) Between 2000 and 2016, the number of people in

developing countries with access to clean cooking has grown by 60%, andrther of people cooking
with coal and kerosene has more than ha(iied 2017) (See Box 6.1)

Energy SecurityFor decades, energecurity debates largely overlooked climate concerns. Energy

security was often constructed as national security and thereforeiggibebove climate concerns
(Nyman 2018) Progressively the role of sustainability and environmeddégradation to human
security became evide(€ool 2011) and climate change and improving energy security beghe t
addressed as two of the twedfiist century's greatest challengeBrown Marilyn A. & Benjanin K.

Sova Cool 2011More recently, the relationship between climate change and energy security has been

systematically investigatgd@oke and Vezirgiannidou 2013)

Air Pollution. In China, the capital region established a target of a 25% PM2.5 concentration and

released a policy that included the shutdown of all-ticed power plants and their replacement by gas

power plants in Beijing and an increase in the share of importettieity through the extrhigh-
voltage transmission connectigfrang et al. 2019)

TechnologyThe falling costs ofolar PV, wind, and batteries is driving a major change in the way that
electricity is poduced and potentially in personal transportation (Section 6.3.5, 6.3.6). Technological

nci

changes and climate interact with one another and reinforce one another. Recent advances in PV, for
example, can be traced in part to aggressive deployment policiesdpy environmental concerns;

and decreasing costs are creating markets for PV even without climate policy or are easing the ability

to implement climate policyln Germany, the transition strategy Bhergiewendeas under debate

because of its over dpsn element that could change the direction for renewable energy in that country
(Leslie et al. 2016)n China, there was a decline in new additions of wind and PV capacity between

2018and 2019. The windinrgown of renewable energy fea@dtariffs (FITs) is the main factor. This

change in the Chinese policy is an attempt to address growing deficits in the funds used to pay for the

subsidiegHove 2020)
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Box 6.1 Energy access, energy systems, and sustainability

Successful mitigation must operate in tandem with fundamental development goals such as
energy access. In many developing countries, access to electricity, clean cooking fuels as
modern and efficient energy for income generation remainsss@ngal societal priority. This |
particularly true in sutbsaharan Africa and a few Asian countries. SDG7 on universal access to n
energy includes targets on modern energy services, renewable energy, and energy efficiend
implies a profound ransformation of the current energy systems. Although there are diff
definitions of energy access, the ultimate goal is universal access to clean and modern fuels.

Overall Energy
Access Index

|
| | |

Index of Household Index of Access to Energy Index of Access to Energy
Access to Energy for Productive Engagements for Community Facilities
| | |
HH HH HH Street Health Education | | Community Public
Electricity Cooking Heating Lighting Facilities Facilities Buildings Offices
Index Index Index Index Index Index Index Index

Box 6.1, Figure 1 Measuring access to energy (Global tracking framework)

Despite progress in some countries such as India, Bangladesh and Kenya, 860 million peo
without access to electricity in 2018, compared with 1.2 billion in 2010. About 2.65 billion hous
were cooking with solid fuels, distributed across bo#fiafand Afica (IEA, IRENA, UNSD, World
Bank 2020)Around 850 million people in suBaharan Africa relied on traditional biomass (firewa
and charcoal) for cooking, and 60 million relied on kerosene and coal to meet their enerdyeree
2018a) It has been estimated that 2.2 billion people will still be dependent on inefficient and pg
energy sources for cooking by 2030 mainly in Asia and-Sattaran Africa, and 650 million peop
are likely to remain without access to elagtyi in 2030, 90% of whom will reside in St#aharan
Africa (IEA, IRENA, UNSD, World Bank 2020)

Research indicates that decentralised renewables and on grid renewables are least cost

modern
well as
S
nodern
y, which
erent

ple were
cholds

od
2ds
lluting
le

bptions to

provide universal access to electricity B§30; natural gas, LPG, and improved biomass cooksloves

are key measures for cooking. Universal access to electricity and clean cooking requires the r
from the use of traditional biomass to cleaner fuels and/or clean cooking techn{iB4iefiRENA,

UNSD, World Bank 2020Riahi et al. (2012}inds that this is feasible over the next 20 years and
require USD 36 billion yt to USD 41 billion yr* in annual investment, half in Africa.

Substantial progress towards SDG, even without reaching universal access by 2030, will
important impact on energy systems, particularly power systems with the deployment of rern
energy natural gas infrastructure, LPG, and biomass supply chhigh ¢€onfidence Providing
universal energy access will substantially increase global energy demiaigtis confidence
Chakravarty & Tavoni (2013) calculated that eradicating energy povetine aflobal level by 203
would mean increasing final energy demand by 7%, and that the necessary infrastructure would
around 44183 GtCQ during the century, increasing warming by approximately 0.13RiGsbaume

pid shift

will

have an
ewable

D
generate

et al. 2012)found that power generation in s@aharan Africa would néeto increase ten times
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provide even modest levels of universal energy access, implying growth ofrt3%mpared to 1.79
yrtin previous decades

6.3.4 Initial efforts to phase out coalbut only modest declines in use

Global mal consumptiomeclinedfrom its peak in 2013 throug2016, increasettom 2017 to2018,
anddropped again iB019(Figure6.5). A number ofimportantthemesemergeregarding recent trends
in coal consumptiorkirst, coal is faring differentlyacross regions. @l use is decreasing in theS,

the European Union, and many other OECD counthamny of these regions havmplemented
moratoriums on newoal power generation without (CS) (Jewell et al. 2019)n contrast coal use
continues to increase in other regions, especially in major develdgiag economiegIEA 2020b)
Coalfired power generation capacigyowthin China, Indiaand other countries, such as Indonesia,
Vietnam, TurkeyandBangladesh, has offsthe reduction in the OECJakob et al. 2020)

Second, reductions in coal udmve often been driven by norclimate factors, most notably
environmental regulations to address air pahut rapidly declining costs of renewables, and
inexpensive shale gas especially in th&. Older coal fired power stations that cannot meet new
environmental regulations bavebecome unprofitable or uncompetitive have been phased out in many
regions. Ir example, air quality concerns in China have led to a shutdown of coal fired industry and
power generation around the major cities, while overcapacity and low and declirisajanilof coal

plants have slowed down new builds since 2Tl et al. 2019)

Third, retired coal has been replaced by different gnsogirces across regior@ld coal fleets have

been replaced approximately half by gas and half by renewableslinShéargely by renewables in

the European Uniorgndby new coal plants and renewables in CHiB®IBER 2020) Although air

guality concerns have pushed out the old, dirty, inefficient coal plants in China, larger and more efficient
coal plants are being adddReplacing coalith gas or new coal facilities is incoeggnt with limiting
warming to 1.5°C or 2°(Pfeiffer et al. 2016Pfeiffer et al. 2018Smith et al. 2019Tong et al. 209).

Fourth, major coaktonsuming countriesire still far from phasing outoal (Spencer et al. 2018
(Edenhofer et al. 2018)China,the U.S., Australia and South Africgontinue to extract and use
substantial amounts of codh most developing countries with abundant coal reserves, coal use has
been increasingo supportenergy securityand because it is perceived to halmver coststhan
alternativegSteckel et al. 2015Many challengegonfront a coal phaseoingcludingthe depreciation

of capital cost®f existing coal plants failure to internasethe externalities of coal use, aadailure

to properly account for thecreasing business risk$ coal(Garg et al. 2017bCortinued coal build

will increase the risks dftranded assets in developitmuntries(see Box 6.11fFarfan Orozco 2017,
Saygin et al. 201 ui et al. 2019)

Last economic,social and employment impacts tend to be significant in -deglendent regions.
Tailored reemploymenhas been used to support coal transitions in some regidih®ugh some
estimates show larger employment opportunfii@s low-carbonenergy(GarrettPeltier 2017)results

may vary across regions. Moreover, even with net increase in total employmiet long run
renewable jobsreoften locate outside of coal regionand require different skill sets from the coal
industry (Spencer et al. 2018)n a broader sense,iij ust transitionod has t
regional economic development and the effects of higher energy prices for consoctherseggy
intensiveindustries(see Box 6.2§Jakob et al. 202@5reen and Gambhir 2020)

Box 6.2 Status and Challenges of a Coal Phas@ut

Limiting global warming to well below 2°C or to 1.5°C requires a rapid shift away from unabated coal
consumption in the energy system by 208 C 2018a Section 6.7, ChapterB)is includes not onl
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cancellatio of new coal power projects but also accelerated retirement of existing coallkteagker

et al. 2018pPfeiffer et al. 2018Smith et al. 2019)Without new builds, existing coal plants will negd

to be retired after 20 years operation to limit warming to 1.5°C goal and after 35 years to
warming to 2°C. If all planned facilities come online, this will further reduce the viable lifetime

imit
of all

plants by 5 to 10 yedCui et al. 2019)Phasingout coal will present a number of different economic,
social, and security challenges, dnese will vary across regions based on the characteristics of existing
coal infrastructure, the availability of alternatives, economic development, and technologigal and
institutional lockin, a (Jakob et al. 2020)The following examples help to identify the mechanisms
driving the move away from coalwhether marketriven, policy cap or societal benefits. They also

enable a better forecasting for the anticipated volatilities in thendilgas sector, where a phasg is
not immediate but imminent but will be needed to limit warming to 1.5°C of(l®CC 2018;Raimi
et al 2019)
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Box 6.2, Figure 1 Retirement of coafired power plants to limit warming to 1.5°C and 2°C.
(a) Historical facility age at retirement (b) the vintage year of existing units, (c) global coal capacity unde
different plant lifetimes, compared to capacity levels consistent with a wellelow 2°C (green) and 1.5°C

(blue) pathway assuming no new coal plants, and (d) and assuming plants currently under construction

come online as scheduled, but those in planning or permitting stages are toofilt.
(SourceCui et & 2019)

Today, several countries and regions have committed to or operaédraal phaseut (Watts et al.
2019;Jewell et al. 2019)These initial efforts have not reached thé% in global annual reductio
required to limit warming to 1.5°C target, and most have occurred in regions with older coal
these initial efforts pndde insight into the possible mechanisms of global and regional stra
(Spencer et al. 2018Furrent coal phaseut examples are often driven bsofitable fuel switching (tg
gas or renewables), strong policy choices, int&simg externalities to increase the price of coal
other considerations such as air quality and human health, and electricity access. Many
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institutions and pensiofunds have committed not to fund new coal or dmded infrastructures, ar
have assumed a carbon price in the ranged®b 35-45/tonne CQ for assessing new investme
proposalgNie et al. 2016World Bank et al. 2017)

Europe: A number of European countries are part of the Powering Past Coal Alliance (PPCA) a
committed to phaseut coal on or before 2030ewell et al. 2019)These countries hava cumulative
capacity of only 43 GW, however, and are economieddlyeloped and thus can more easily opt
alternative energy routes. Moreover, premature retirement is rare for achieving these goals due

nd
nt

nd have

for
to aging

coal plants in these countriglewell et al. 2019)Germany and Poland, with around 70 GW of operating

coal capacity, are not members of the PPCA, but are critical for phasing oQVtaiddy et al. 2017)
While Poland has not set any target, the German government adopted an official plan in 2019
out coal no latethan 2038 and possibly by 2035 based on economic circumstances. The (
government agreed in early 2020 on a set of measures that include compensation for poy
closures, labour market measures for coal workers, and substantial support astthange in coal
mining regions. The experience of European efforts to phase out coal indicate that appropriate
instruments are needd®entier et al. 209) and a just transition for workers should be ensy
(Johnstone and Hielsch2017;,0si | ka et al . 2020)

North America: Coal is also being phasedt in North America. In the U.S., this has occurred v
limited policy support. Instead, the availability of cheap shale gas that has reducedecbgl over
50% in the U.S. from 200@EIA 2019) Canada, as one of the two founding countries of the PPCA
committed to phase out traditional coal power generation by 2030 (Government of Canada 201
commitment, combined with cheap renewables or environmental regsldtioparticular regions

shows that even with inclusion of CCUS, coal use is projected to débleradelevitch et al. 2019;

Clark 2019;Rosenbloom 201&019) Broadly, this phaseut of coalhas resulted in multiple benefit
with noted decreases in GHG emissions, air pollutants, and cooling wat@darsis et al. 2015
(Kondash et al. 2019However, there have been concerns about the fate of coal workers. For in
in the U.S., coafelated employment has decreased by about 30,000 jobs with notableatemid
economic inequitiegBodenhamer 20165braham 2017 Greenberg 2018)If sustainably ranaged,
there may be possibilities for reemployment or even additional employment by diversificatid
through bioenergy with carbon capture and storage (BEQR&Jizio et al. 2018Homagain et al
2015)

China and India: China and India are the largest coal consumers and have no committed plans
out coal. A phaseut here will provide several health benefits, particularly in terfrargpollution
(Peng et al. 2018)holakia et al. 2013Singh and Rao 201%jalik et al. 2020) China anounced &
coal moratorium in 2015, which was also predicated on cutting overcagBitydeel and Van d
Graaf 2018) The coal pwer expansion has slowed since then, but coal capacity has been growi
there have been recent increases in new coal approvals (Cui et al. 2020). In India, over 50% of
new coal plant capacity has been cancelled since @@béitor Global Energy. 2019)and rural
electrification efforts and a push to support renewables may lead to preferential investments
and wind(Aklin et al. 2017;Thapar et al. 2018)ndia has retired about 8.5 GW of inefficient and
coal based plants between 2016 and 2@BA 2019) Both China and India have demonstrated
approach teshut down coal plants in similarly densely populated centres such as Beijing ang
(Gass et al. 2016 hinese and Indian coal plants are newer than those in the U.S. and E.U., w
already approaching the end of their operational lifetime, and would thus Vemelc larger risk o
stranded assets under accelerated retire(@emtet al. 2019)

Africa: Announced coal projects in Africa have increased. While the planned capacity in co
other than South Africa is low, competing narratives between sustainability and energy secur|
been notedJacob 2017)In South Africa, employment in the coal mining sector has almost h
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of 77,000(Strambo et al. 201%Cock 2019) Given income inequality in South Africa, a sustaingble
transition for these workers is essential through reemployment imdgiveng renewable sector will
critical (Swilling et al. 2016)

6.3.5 Solar PV and wind deployment hasgrown substantially but shares in global
electricity generation remainslow

Since 2015, global solar PV and wind capacities have continued their rapid growth (28% and
12% respectively). However, their corresponding contributions to total electricity generated
from all sources were beln4% in 2018 In the past fifteen years, the leigell cost of electricity

from solar PVand windhavedropped dramatically and deployment levels have increased around the
world (Section 6.3 After the initialdeploymenin Europe and the 13., morethan 90 countries now

have commercial wind energy plants. Total global cumulative capacity was 622 GW in 2019), 95% of
which came from onshore wind. Asia has the highest installed capacity, led by China bottte gr

has slowed down poeg015.PV and winddeployment irEurope initially a leader in these technologies,
hasbeen surpassed by rapid growth in Asia, led by China, India and.Japan ope 6 s s har e
global cumulative photovoltaic capacity decreased to 24% in 2019 due to rising instds@vhere
(IRENA 2020a) Recent growth irAsia has more than compensated for the decreasenrcapacity
additions in Europe. CSP deploymdmds also continued to grow, but it remains lh@tow PV.
Production remains in a limited number of countries Wit Direct Normal Irradiance (DNIAbout

75% of total installed capacity is in Spain and the US.

120 1400

100 1200

1000

Capacity addition (GW)
Electricity Generation (Twwl

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Wind Capacity Solar Capacity

Wind Generation Solar Generation

Figure 6.6 Yearly addition (MW yr2) to global solar and wind capacity from 20162019 along with their
respective electricity generation (GWh) between 2012018
Source: data froriIRENA 2020a)

While the deployment of wind and PV remain low in total relative t@gsion from other sources, the
recent growth rates signal the potential to achievedhé&ibutions required to limit warming #05°C

or 2°C (see Section 6.7.1). The critical question will be whether these growth rates can be maintained
at the necessary levels, or whether concerns with retiring fossil power (Section 6.3.4) or challanges wi
integration of renewables (Section 6.6) will slow or limit this growth.
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6.3.6 Limited deployment of low to negativecarbon energy resources beyond solar PV
and wind

Apart from solar PV and wind, lowand negativecarbon energy fuels and technologies such as
hydropower, modern bioenergy, geothermal, marine, and carbon capture and storage (CCS)
experienced limited eployment over the last decadkeovins et al 2018) Global hydropower
production grew 2% since 2015, and its share of total electricity generation has remabiéd|BA

WEO 2019) IEA Statistic§2020}). Advanced bioenergy applications such as power generation, liquid
biofuels and biogakave experienced modest increased in deployitieAt 2019; IRENA 2020b)

Global bioenergy powegeneration went up from 4a0Wh yr?to 590 TWhyr! from 2015 to 2019, an
annual growth rate of 7%jofuels productiorfor transportation from 3140 Rd* to 4020PJyr?, an

annual growth rate &% (IEA 2019a) Global nuclear power capacity has increagsethf380 GWe to

400 GWeandits share of global electricity production, has continued its long decline, from a 17% share
in 1996 to about 10% in 201€arbon capture and storage (CCS) remains largely in the research and
demonstration phase without a meaffithgnpact on global C@emissions and no immediate prospects

for largescale deployment. Global CCS capacity was arountt@O, yr?t in 2019,with 19 large

scale operational projec{&lobal CCSinstitute 2019) There are now a number of ongoing and
upcoming CCS projects (51 in 2019) with a capacity of 40 Mt@C from operation and in
construction plants. Further, the plants under early and advanced stages of development in 2019 could
provide additional capacity of around 60 Mt&@* (Global CCSlinstitute 2019) Geothermal energy

output in 2018 was estimated at 175 terauatirs (TWh), with around half of this in the form of
electricity and other half as he@REN21 2019 IRENA 2020a;IRENA 20208. Geothermal for
electricity generation is concentrated in a limited number of countries and the prospects for large scale
development in the next decade are relatively limibeged on the current scenafiRENA 2020a;

IRENA 2020B. The share of marine energy in the electricity mix has doubled since 2010 but remains
too little (1 TWh in 2018) to make any substantial impact td&dow-carbon energy transitions
(IRENA 2020a;]RENA 20201 (See section 6.4.2.9).

6.3.7 Battery electricity storage has advanced rapidly

Recent years have seen rapid declines in the costs of energy storage, particularly batteries (see Section
6.4). These changes have had important implications for the energy systems, most notably in supporting
increased deployment of intermittent renewable generation and electrification of the vehicle fleet.

Battery electricity storage has emerged as an impogtament in flexibility of electricity systems to
accommodate the rising sharfeirermittent renewable energyotal power sector battery capacity at
the grid and consner end reached 10 GW in 2019, rising from 0.6 GW in 2012018, the total
batery storage deployment was 8 GW7(GWH, led primarily by Liion technologiegIEA WEO
2019) Nonetheless,rergy storageontinues to bdominated by pumpestorage plants which account
for 96% of all electricity storage. The installation cost of battery storage has fallen down by over 45%
since 201 Section 6.4)As of 2018, the largest {ion battery storage was 100 M27 MWH) in
Australia followed by 50 MW(300 MWH in Japan. Future project announcements include
comprehensive renewabpdus-solar projects lik the 400 MW §00 MWH solar plusstorage project

in California to replace reting gas plantéRoy et al. 2020) or the solafplus-storage tenders for round
the clock electricity supply in Indi@urkeand Do,2020) These large scale energy storage projects in
many countries have further pulled down the co$tatfery storageAt the same timdjre hazards and
other technology related concerns have slowed down the deployment ofsagiieybatteries in Korea
which is a leading player in energy stordeA 2020c)(See section 6.4.3).

FOOTNOTE! https://doi.org/10.1787/da@051Gen
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EV battery capacity reached 170 GWh per year in 2019, raising the demand for low cost battery
technologiesEV batery capacity hagrownover 40% in the last 5 yeaws total of 7.2 million electric

cars accounted for 1% of global car stock in 2019 along with 7.3 million charging stations across the
world (IEA 2020d) Averagebatterysize increased to0570 kWh. The rising battery size is the result

of an increasing range &Vs and consumer preference for folittery electric vehicles (BEVS) over
plug-in hybrids (PHEVS). The cost of battery packs has also decreas&Di66/kWh in 2019, a drop

of 85%since 201@see Section 6.4As in case of utilitystorage, the battery packs in EVs are currently
dominated by Lion technology with further improvements in efficiency and range expected in the next
decade or sfEA Global EV Outlook, 2020jsee Transport Chapter).

6.3.8 The energy policy landscape continues to evolve

The current policy landscape in the energy sector consists of policy mixes omaali@ages, including
regulatory, markebased and other approaches. These mixes evolved over time rather than being
constructed in a consistent manner and mainly include sectoral rather than eeddenppolicy
instruments, such as comprehensive carboingric

Governments, national and sohtional, have chosen a mix of policies and institutional mechanisms
that consists of regulatory instruments, like effi@y and technology standardspnomic instruments

(e.g. carbon pricing, subsidig®ertram et al. 2019lartin and Saikawa 20138 well as other policge

such as government interventions to provide appropriate infrastructure, information policies, and
voluntary actions by citizens, businesses and othegogarnment actosSomanathan et al. 2014)

recent years, regulatory instruments to promote-davbon infrastrature have gained traction in
developing countriegFinon 2019) The choice of policies has depended on institutional capacities,
technological maturity and other developmental priorities of governments. For example, governments
may favor regulatory instruments over economic instruments like taxes and subsidies wieeis ther
sufficient institutional capacity to implement and monitor the regulations and starjHaiglses and
Urpelainen2015). Furthermore, institutional capacity could also determine the extent of implemented
measureqAdenle etal. 2017) Market conditions and technological maturity are other important
determinants of policy mixes. For example, subsidies for mitigation likeifietediffs (FIT) work best

when the technologies are in nascent stages of development andfdoeimely start declining as the
technologies matur@Gupt et al. 2019a)On the other hand, for more mature technologies, market
based instruments like emission trading schemes (ETS) and auctions coupled with a regulatory
framework could be favorablestrategy(Polzin et al. 2015Kitzing et al. 2018)Policy instruments

like FIT followed by fiscal measures like tmcentives and renewable portfolio standards (RPS), have
played a significant role in attracting foreign direct investments in the renewable energy\Wedtitet

al. 2019) Furthermore, FIT has been an important policy instrument in driving the penetration of wind
and solar energy but aggregate policy support and carbon pricinglsaygayed an important role in
mainstreaming of these renewable energy soy®est and Burke 2018Besides high effectiveness,

FIT may have substantial program cqgtador and Voss 201@&brell et al. 2A.9).

The role of carbon pricing is still limited though increasing. Carbon taxes and emissions trading
schemes (ETS) were considered as key policy instruments to address climate changeeifezitest
manner(Haites 2018;Baranzini et al. 2017 Different measures have been suggested to improve the
performance of the ETS and other carbon pricing schéBasille et al. 2018Campiglio 2016
(Goulder and Morgenstern 2018n 2020, 61 regional, national and swodétional carbon pricing
instruments, representing 22% of the global GHG emissions, were in action or scheduled for
implementationWorld Bank 2019a)Over 51% of emissions covered are pdlieg less thaySD 10

per tonneof CO; equivalents (tC@e). Most studies indicate that carbon prices need to be substantially
higher than this in order to meet the Paris goals through pricing instru(égtdéz and Stern 2017)

At presenthowever,only 5% of the global emissions covered under carbon pricing initiatives are
consistent with thisuggested range of carbon pricdfie impact of carbon pricing is sizable even
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though its full potential is not exploited, e.g. the EU ETS impacts on emissions from electricity in
Germany(Schafer 2019and from manufacturing in Fran¢@olmer et al. 2020)

The limited success of carbon pricing instruments in developing and emerging economiEsduay

to political economy constrain€ampiglio 2016Finon 2019Rabe 2018)In the absence of a global
comprehensive carbon price, it has been suggested that regional regulatory policies for fossil fuels
supply and key demand sectors like transport, industry aitdings, coupled with regiah carbon

pricing instruments, can help in initiating the climate actions consistent with Paris agreement, at least
in the short rur{Kriegler et al. 2018)However, differences in the stringgnof climate regulation can
reduce the competitiveness of industries in regulated countries and might lead to indiasiayior

and fAcar b d¢Schenker atlala2pEPhere is currently little indication of carbon leakage
(Schafer 2019Naegele and Zaklan 201fyr the EU ETS) ath there might be even positive effects of
carbon pricing on efficiencfLdschel et al. 2019¥or German manufacturing firms, and Germeshausen
(2020 for German power plants). Furthermore, these multiple policiien mplemented by different
governmental levels (national vs. subnationatan interact with each other and thereby affect their
environmental and economic effectiveness. Recent examples include interactions of ETS with
renewable support policies (eBpehringer and Behrens 20I%¢l Rio 2017)energy efficiency policies
(e.g.Wiese et al. 2018)r electricity market reform (e.geng et al. 2017yespectively

Apart from explicit carbon pricing, various implicit carbon pricing mechanisms such as fossil fuel taxes
and removal of fossil fuedubsides(see Box 6.3aswell as regulatory instruments are used by many
countries as part of their climate policies. In addition, public provision and procurementcsdrioon
infrastructure and technologies such as railways, energy efficient devices, rienenalgy and
upgradation of electricity grids through staf@nsored institutions and pubficivate partnerships has
played an important role in loaarbon developmeriBaron 2016)

Box 6.3 Energy Subsidies

Energy subsidies continue to be widely applied. Global fossil fuel subsidies represent more than half of
total energy subsidies with predominantly negative environmental, economic and social leifiacts (
confidence.

Energy subsidies can be defined as policy measures in the energy sector to lower the prices for
consumers, raise the prices for producers or lower the costs of energy prod&etid@99) There are
subsidies for fossil fuels amdnewables. The majority of the renewable subsidies are gendrated
incentives for solar, wind or biomass in the form of feethriffs (FIT) (see Chapter 13 for more details
on subsidies for mitigation). Estimates of fossil fuel subsidies can yaay lorder of magnitude. For
the year 2017, the IEA estimated fossil fuel subsidies @B 0 bi | | i on -tax,piicalg |

gap methodLaurens 201), while the IMF included unpriced externalities to calculate subsidig
USD 5.2 trillion or 6.5% of global GDRWorld Bank 2019World Bank 2019Coady et al. 2017
Coady et al. 201%ee Chapter 13 for more detaiBdssil fuel subsidies were around double the am
of subsidies spent on renewaklleaurens 2017)There are adverse environmental, economic and
consequences of fossil fuel subsidiBentschler and Bazilian 201 Wlore than 75% of the distortion
created by fuel subsidies are domestic and reforming them can have substantial benefits w
country(Coady et al. 20172019) Some of the &0 countries have used the opportunity of low
prices to implement subsidy refosrflewell et al. 2018)Fossil fuel subsidies most commonly purs
nonclimate objectives, for example enhanced access to modern energy seuctess liquefieg
petroleum gas for cookingpigh confidence In some cases, these energy access subsidies have
in extending modern energy sources to the poor Gmemia and Annegarn 201&nd thereby

s of
punt
ocial

S

ithin the
oil

sue

helped

contribute to SD&/. However, in most cases, the subsidies have proven to be regressive with little

benefit reachig the poorLockwood 2015Sovacool 2017)
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For example, Indonesia has introduced liquefied petroleum gas (LPG) subsidies for cooking
subsidies shall reduce expenditures erokene subsidies after surging oil prices made these sub
increasingly costly. The kerosene to LPG c
provided mainly households with free initial LPG equipment and LPG at a low seigpdce(Thoday
et al. 2018jmelda et al. 2018)Besides the national government, provincial governments and inc
played a crucial role for implementation. Provincial governments decided on licenses fg
distributors, adjusting subssdd LPG prices to transportatiaosts and target program participati
based on ALPG i nfrastruct ur-subsidses)a ldPG ndestimition
infrastructure. Furthermore, inceriiing existing actors in the kerosene supply chain to participg
the LPG infrastruatre supported the fast transitipfhoday et al. 20180veall, the LPG conversiot
program in Indonesia reduced cooking kerosene(Aiadadari et al. 2014imelda et al. 2018and
greenhouse gas emissiofffermadi et al. 2018howed some positive health effe(thoday et al,
2018 Imelda et al. 2018)However, the program was not properly geared towards social and
objectives, it is generally viewed as being regressive and faileztitwe the use of traditional so
fuels (Andadari et al. 2014l oft 2016 Thoday et al. 2018)

India started a large LP@ogram in 2015 that provided a capital cost subsidy to poor household
Kar et al. 2019Jose et al. 201§Gould 2018. While the program has increased adoption d&LP
India (e.g.Sharma et al. 201% has not yet achieved a saisied use of LPG and replacement of s¢
fuels for cooking, amplifying the need for complementary policy measuresgeuld 2018; Kar et
al. 2019 Mani et al. 2020)Climate impacts of switching from biomass to LPG depend on the d
of biomass combustion in stoves and the extent to which biomass originates freeneaable
sources (e.gSingh et al. 201 7Jose etl. 2018) Barriers to increasing LPG use for cooking furt

. These
sidies
onvers

lustry
r LPG

health
id
s (e.g.
nlid
egree

ner

included existing economic incentives, such as the abundance of solid fuels at zero (monetary) costs

(e.g. Mani et al. 202D Furthermore, additional benefits of solid fuels, sashmaintaining the

traditional taste of food and space heating in colder seasons, are regarded as important obs
extending LPG use (e.Gould 2018 Sharma et al. 2020)

D

tacles for

6.4 Mitigation Options

6.4.1 Elements of Charactersation

There aranany ways to characise mitigation options. The most common metrics are technological
and economic indicators, such as technology efficiencies, capital and operating costs, and mitigation

costs. While important, these indicators are not sufficient to fully chaisecthe potetial role of

mitigation options. Mitigation is tightly linked with othepcietal priorities, includingssues such as

energy access, health, and poverty alleviation. More generally, people and businesses do not
technologies or institute operatmirchanges based only anmediateeconomic costs. Other facto

purchase
rs

may inhibit and enable the implementation of mitigation options. Assessment of mitigation options

must therefore extend beyond cost and technological chasatters and touch on a broadange of

issues relevant to understand different enablers and barriers for implementing them. Such an assessment
reveals which mitigation opins can be readily implementeadd which face barriers that must be
overcome before they can be deployed at sCHhs section charactees different options and

technologies considering sdimensions Table6.1 Dimensions and indicators to assess the bar
and enablers of imigmenting mitigation options in low carbon energy systems. The relevant
numbers are included in parenthesis.
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Table 6.1 Dimensions and indicators to assess the barriers and enablers of ilamenting mitigation
options in low carbon energy systems. The relevant SDG numbers are included in parenthesis.

Metric Indicators

Geophysical: Are the Physical potential: physical constraints to implement the option
required resources availablg Geophysical resources (including geological storage capacity): availabil
resources needed to implement the option

Land use: claims on land when option would be implemented
Environmenél-ecological: Air pollution (7): increase or decrease in air pollutants, such ags Gl
What are the wider and fine dust

environmental and ecologicg Toxic waste, ecotoxicity and eutrophication (7): changesanure load on
impacts of the options and | soil and ground water or linear consumption

technologies? Water quantity and quality (6): changes in amount of water available for
other uses

Biodiversity (14/15): changes in area of conserved primary forest or
grassland that affetiodiversity

Technological: Can the Simplicity: is the option technically simple to operate, maintain and integ

required technology be Technology scalability: can the option be scaled up, technically

upscaled soon? Maturity and technology readine$®&D and time needed to implement to
option

Economic: What economic | Costs in 2030 and in the long term (8): investment costs, cOdSI¥CO,-
conditions can supportor | eq

inhibit the implementation off Employment effects anelconomic growth (8): decrease or increase in jol
the options and technologiey and economic welfare

Socio-cultural: What Public acceptance (12/13): extent to which the public suppimetoption ang

conditions could support or | will change their behavior accordingly

inhibit acceptability, Effects on health and wellbeing (3)

adoption and use of the Distributional effects (5/10/16): equity and justice across groups, region

options and technologies? | and generations, including energy (7), water (6) and food security (2) an
poverty (1)

Institutional: What Political acceptance (16): extent to which politicians support the option

institutional conditions could| Institutional capacity and governance, cresstoral coordiation (16):

support or inhibit the capability of institutions to implement and handle the option

implementation of the option Legal and administrative capacity

and technologies?

6.4.2 Energy Sources and Energy Conversion
6.4.2.1 SolarEnergy

Solar PV is increasingly competitive with other forms of electricity generation and is tvesbwption

in manyapplications ltigh confidence Costs have declined by 62% since 201i§l{ confidenceand

are anticipated by an additional 16% by 20R@v(confidence, medium evidendé current trends
continue Key areas for continued improvement are grid integration andnumlule costs for rdtop
systems ffigh confidence Most deployment is now at utility scale (high confidence). Global future
potentia is not limited by insolation but by grid integration and access to finance (especially in
developing countriesh(gh confidencke

The global technical potential of direct solar energy far exceeds that of any other renewable energy
resource and iwell beyond the total amount of energy needed to support ambitious mitigation over the
current centuryhigh confidenck Estimates of the global solar resource have not changed since AR5
(Lewis 2007; Besharat et al. 2018)en as precision and near term forecasting have imp(éiedu

et al. 2018; Diagne et al. 2013#pproximately 120,000 W of sunl i ght reaches
continuously, almost 10,000 times average world energy consumption; factoring in competing land use
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leaves a potential of 1000 EJ annuallyigbly double current consumpti@Dupont et al. 2020Areas
with highest solar radiation are: western South America; northern, eastern and southwestern Africa; the
Arabian Peninsula @Australia( Pr t v L1l i e

et al

2019)

In many parts of the world the cost of electridityn PV is below that of fossil fuels, and in some it is
below just the operating costs of fossil fudiggh confidence The weighted average cost of PV in
2019 wadJSD 68/MWh, near the bottom of the range of fossil fuel pri¢BENA 2020d) The costs
of electricity from PV have fallen by 89% since 2000 and 69% since AR5, a rdt&%fper yar. The
10:90 percentile range for PV in 2019 wi#SD 52 to 190/MWNWIRENA 2020d) That range is due to
locatioral differences in solar insolation, financing costs, equipment acquisition, installation labor, and
other sources of price dispersifdemet et al. 2016; Vartiainen et al. 2028% well as scale. For
example, in India, rooftop installations cost 41% more than utility scale installationspanaercial
scale costs are 39% higher than utilitale Large differences in regional cost pergisazhamiaka et
al. 2017; Vartiainen et al. 2020¥ith particularly low prices in China and Ind@lobally, the range of
global PV costs overlapped almost exactly with the range of prices from coal and natural gas

global harizontal irradiation [kWh m—2]

57 T

Figure 6.7 Distribution of the annual mean irradiance (GHI, kwh m-3).
Source: Global solar atlas (2019).

PV costs have fallen for a variety of reasons: lower silicon costs, automation, lower margins, and a
variety of incremental improvemen{gu et al. 2018; Gen 2019) described in Chapter 1&\n
increasing share
permitting) rather than in the modules themselves, which now account for only 30% of installed costs
aHinancirjy@¢dst8 are dn Rdpécially iPnpotHarder in
developing countriefOndraczek et al. 2018ndgrowth there depends on access to-tmst finance

(O6Shaughnessy

(Creutzig et al. 2017)

et

of t he

costs

of

PV electricity

Concentrating solar power (CSP) costs have also fallen, albeit at about half the ratg 8¥VdA\é&ar

since AR5 The lowest prices for CSP are now competitive with the more expensive range of fossil
fuels, although the average CSP cost is above the fasgi Continuing the pace of change since AR5
will make CSP competitive with fossil fuels in sunny locations, although it will be difficult for CSP to
compete with PV and even hybrid Battery system&SP electricity can be more evaluable however,
becaus CSP systems can store heat for several hours.
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Figure 6.8 Levelised costs of electricity (LCOE) of solar energy technologies 2008019
Range of fossil fuel LCOE indicated as dashed lind$SD 50-177/MWh. Linear fit lines applied to data for
AR4-ARS5 and for postAR5 (2012) Red dots are capacityweighted global averages for utility scale
installations. Blue area shows the range between tli®th and 90th percentile in each yearData: (Nemet
2019 IRENA 2020d).

The costs of integrating large amounts of PV in electric grids are becoming an increasing share of the
total costs of PMntensive energy systems and can be reduced by enhancintiegifity (high
confidencg The full costs of PV includes grid integration, which varies tremendously due in part to:
PV's share of electricity, other supply sources like wind, availability of storage, transmission capacity,
and demand flexibilitfHeptonstall and Gross 202jransmission costs can ad&D 11 10/MWh or

37 33% to the cost of utility scale R\Gorman et al. 2019pistributed (rooftop) PV, involves a broader

set of grid integration codisincluding grid reinforcement, balancing, and impacts on other
generatiod and a larger range with integration costg 0SD 2 to USD 25/MWh, which isi 3% to

+37% (Hirth et al. 2015; Wu et al. 2015a; Gorman et al. 2003her metaanalysis put the range at
USD 1i 7/MWh in the USA(Luckow et al.; Wiser et al. 201@hd a comprehensive study put the range

at USD 12-18/MWh for up to 35% renewables akltED 25-46/MWh above 35%Heptonstall and
Gross 202Q)Increased system flexibility can reduce the integration costs of solar giéuggt al.
2015b)including: storage, demand resse, sectecoupling(Bogdanov et al. 2019; Brown et al. 2018)

and complementarity between wind and s@tgide et al. 20105ystem integran is discussed more

in Section 6.4.6. Storage technologies are described in Section 6.4.3.

Because PV power plants have zero costs to run, they depress the prices in wholesale electricity markets,
making it difficult to recoup investment and potentiatiglucing incentives for new installatioftsirth

2013) Continued cost reductions help address thmue of value deflation, but only partially
Comprehensive solutions depend on adding transmission and s{Dagest al. 2020and more
fundamentally, electricity market desi@istline and Young 2019a; Roques and Finon 2017)

The most important ways to minise PVs mpact on the environment lie in recycling materials at end

of life and making smart land use decisiomsedium confidengeWhi | e PV®&s most
characteristic is its minimal GHG emissions, a comprehensive assessment of its environmental impacts
requres a much broader assessment includineclige analysis (LCA) of resource depletion, land use,
ecotoxicity, eutrophication, acidification, ozone, and particul@itshmud et al. 2018) CA results

clearly show that solar PV lies far below fossil fuels on a/K@h basis even if they vary due to the
carbon intensity of manufacturing energy and offset electiGitgnt and Hicks 2020 oncerns about
systemic i mpact s, such as reducing the Earthos
shown to be trivial compageto the mitigation benefitNemet 2009) Even though GHG LCA
estimates span a considerable rangei@50 gCO/kWh (Kommalapati et al. 2017Xheir centrh
estimates of 80 gCZkWh for current cell§Hou et al. 2016and others at 50 gG®&Wh (Nugent and
Sovaool 2014)are an order of magnitude lower than coal and a factor of five below naturdhgas
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films and organics are half those levels, mainly because they use less rflatenat al. 2013)and

thus avoid melting large amounts of silicfiiou et al. 2016)Novel materials such as perovskites,
discussed below, promise even lower environmental impacts, especially with improvements to their
performance ratios and reliabilifsong et al2015) Improvements that could reduce future lifecycle
impacts include higher efficiencies, longer lifetimes, sunny locations, less carbon intensive
manufacturing inputs, and shifting to thin films.

Another environmental concern with large PV power fgasin the conversion of land to collect solar
energy(Hernandez et al. 2015Approximately 2 hectares of land are needed for 1 MW of solar
electricity capacityKabir et al. 2018; Perpifia Castillo et al. 2Q148)20% efficiency, a square of PV
panels of 550km per side, comprising 0.2% of
While from a global perspective thidiare is trivial, land conversion can still have local impacts,

especially near cities and where land being used for solar competes with alternative uses, such as

agriculture Substitution among renewables can reduce the extent of land convéFsimle 2020)
Efforts to integrate solar with these useugh agrivoltaics (the use of land for both agriculture and
solar productionjDupraz et al. 20113how that both electricity production and food production can be
compatible, for eample by using shadelerant cropgDinesh and Pearce 201&urther, combining

solar and agriculture can create added benefits such as income diversification, reduced drought stress,

and higher solar output due to radiative cool{Btpmri et al.2018; Hassanpour Adeh et al. 2018;
BarronGafford et al. 2019PV installations floating on water also avoid land use conf&ahu et al.
2016) Large installations can also adversely impact biodive(sigrnandez et al. 2014&specially
where the aboveground vegetation is cleared and soils are typically .dradddcape fragmentation
creates barriers to the movement of species

Material demand for PV will increase massively if PV deployment coesircurrent trends, but PV
materials are widely available, have possible substitutes, and can be remyadadhi confidengeThe
primary materials for PV are silicon, copper, glass, aluminum, and silver, with silicon the most costly
and glass thenost by mass at 709one of these matials are considered to be either critical or
potentially scarc¢lEA 2020a) Thin film cells, such as aonphous silicon and cadmium telluride, use

far less material but have not yet achieved high enough efficiency and reliability to account for more
than 10% of the global solar mark@uantum dots and perovskites, either on their own, or layered on
silicon, have the potential to further reduce material use per energy produced.

After 30 years of use, a typical lifetime, PV modules can be recycled to prevent environmental
contamination due to toxic materials contained within the cell, to reuse valuable Isza@dzo avoid
waste accumulatiorRecycling allows the reuse of nearlydalB3% in one study of the components

of PV modules, other than plasti@rdente et al. 20199nd would add less than 1% to lifecycle GHG
emissionglLatunussa et al. 20168Flass acounts for 70% of the mass of a solar cell and is relatively
easytorecyclRecycl ing technol ogy is advancing with
scale and share recycled are still snfallet al. 2020c) By 2050 however, end use PV could total 80
MT, 10% of global electronic was{&tolz and Frischknecht 2017he International Energy Agency

runs a program to enable PV recycling bgréng best practices about mingimg life cycle impacts of

the recycling process itself Ensuring that a substantial amount of panels are recycled at end of life will
likely require policy incentives, as the market value of the recovered materialsfrasidgduminum

and copper, is likely to be too low to justify recycling on its ¢i@ang et al. 2019A near term priority

is maximising recovery of silicon, the most valuable material component qHe¥th et al. 2020)

A wide variety of alternative PV materials are imgrnayin efficiency and stability, providing longer
term pathways for continued PV costs reductions and better perforrhégitegnfidence While solar
PV based on sentionductors constructed from wafers of silicon still captures 90% of the market, new

desgns and materials have the potential to reduce costs further, increase efficiency, reduce resource

use, and find new applicatiandithin silicon PV, the most important technologicdl/ance in the past
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10 years has been the widespread adoption of tisezpted emitter and rear cell (PERC) degiGreen

2015) now accounting for a third of production, which boosts efficiency over traditional aluminum
backing by increasm reflectivity within the cell and reducing electron hole recombinafiglakers

2019) Bifacial modules increase efficiency by making use oertéd light from the ground or roof on

the back side of modulé¢&uerrereLemus et al. 2016)ntegrating PV into buildings caeduce overall

costs and improve building energy performa(giukla et al. 2016)Concentrating PV uses lenses or
mirrors that collect and concentrate light onto high efficiency PV ¢Ellet al. 2020a) Beyond
crystalline silicon, thin films of amorphous silicon, cadmium telluridel eapper indium gallium
selenide (among others) have the potential for much lower costs while their efficiencies have been
increasingGreen et al. 2019Quantum dots, spherical sesonductor nan@rystals, can be tuned to
absorb specific wavelengths of sunlight given the potential for high efficiency with very little material
use (Krame et al. 2015) Perovskites, inexpensive and easy to produce mineral structures, have
increased in efficiency by a factor of six in the past decade; the biggest challenge-irsdlight]
degradation(Petrus et al. 2017; Chang et al. 2018; Wang et al. 2019b; Zhu et al. B§Péips of

silicon with layers of quantum dots and perovskites havepdhential to take advantage of the benefits

of all three, although those designs require that these new technologies have stability and scale that
match those of silicoPalmstrom et al. 2019; Chang et al. 20TTHis broad arrapf alternatives to
making PV from crystalline silicon offer realistic potential for lower costs, reduced material use, and
higher efficiencies in future years.

Concentrating solar power (CSP) can provide distinct services in high temperature heat aid diurn
storage, even if is more costly than PV and its potential for deployment limiteddium confidenge

CSP use reflective surfaces, such as parabolic mirrors, to focus sunlight on a receiver in order to heat a
working fluid, which is subsequently trsfiormed into electricitflslam et al. 2018)Solar heating and
cooling are also well established teclogies, and solar energy can beisél directly for domestic

and/or commercial applications such as drying, heating, cooling, and cq@enet al. 2018)Solar
chimneys heat air using large transparent greenHigsetructures and channel the warm air to
turbines in tall chimneyfKasaeian et al. 201.75olar energy can also be used todoice solar fuels,

for example, hydrogen or synthetic gas (syngislecera 2017; Montoya et al. 2016; Detz et al. 2018)

In addition, research proceeds on splaased solar PV which takes advaygaf high insolation and a
continuous solar resour¢&elzenberg et al. 2018put faces the formidable obstacle of developing
saf e, efficient, and inexpensive nface(Yaogwehal.e or
2016) Of these solar alternatives to PV, CSP is the most widely adopted.

Like PV, CSP can deliver larggzale power plants (up to 200 MW per unit) and can maintain substantial
thermal storage, which igluable for load balancing over the diurnal cydcPherson et al. 2020)
However, unlike PV, only direct sunlight can be concentrated for electricity generation in CSP,
congraining its coseffectiveness to North Africa, Middle East, Southern Africa, Australia, the Western
U.S, parts of South America (Peru, Chile), the Western Part of China, and Aufexig et al. 2015;
Dupont et al. 2020)Parabolic troughs, central towers and parabolic dishes are the three main solar
thermal technologies currentlyeployed (Wang et al. 2017d) Parabolic troughs represented
approximately 70% of new capacity in 2018 with the balance made up by central towefl plamtet

al. 2018) Especilly promising research directions are on toweased designs which can achieve high
temperatures, useful for industrial heat and energy st@kdgfeos et al. 2017)aswell as direct steam
generation desigr(¢éslam et al. 2018)Costs of CSP have fallen by nearly half since ARg§{re6.9),

albeit at a slower rate than PSince AR5, almost all new CSP plants have stof@genig 2020)
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Figure 6.9 Since AR5, almost all new CSP plants have storag&honig 2020)Data:
https://csp.guru/metadata.html.

Solar energy elicits favorable public responses in most couiggs confidence(Bessette and Arvai

2018; Hanger et al. 2016; Jobin and Siegrist 2018; Ma et al. 2015; Mcgowan and Sauter 2005; Hazboun
and Boudet 2020)Solar energy is perceived as clean and environmentally friendly few downsides
(Faiers and Neame 2006; Whitmarsh et al. 201K&y motivations for homeowners to adopt
photovoltaic systems are expected financial gains, environmental benefits, the desire to become more
selfsufficient, and peer expectatiofi€rcaj et al. 2015; Palm 2017; Vasseur and Kemp 2(Hé&ice,
observability of photovoltaic systems can facilitate adop{®oudet 2019) The main barriers to
adoption of solar PV by households are its high upfront costs, aesthetics, landlords, and concerns about
performance and reliabiji (Whitmarsh et al. 2011b; Vasseur and Kemp 2015; Faiers and Neame 2006)

6.4.2.2 Wind Energy

Wind power is increasingly competitive with other forms of electricity generation and is treo&iw
option in many applicationshigh confidence Costs have declined by 23% and 32% on land and
offshore since 2015h{gh confidencgand further improvements can be expected by 268®ium
confidene) if current trends continueKey areas for continued improvement are technology
improvaments and economies of scahggp confidence Global future potential is largely limited by
land availability in wind powerich areas, lack of supporting infrastructure, grid integration and access
to finance (especially in developing countridaph cnfidencé.

Energy from wind is abundant and the estimated technical potentials surpass the total amount of energy
needed to support ambitious mitigation over the coming ceftigiy confidence Energ from wind

near the Earthodés surface is abundant. Because of
are very unevenly distributealser the globe and the time of the yé@etersen and Troen 201But

potential hotspots exist on every contindfig(re6.10). Technical potentials for wind power onshore

vary considerably, often because of inconsistent ussuibdbility factors(McKenna et al. 2020)

Without considering these land use restrictions, about 3%eoftwor | dés | and area ha
resourceg¢Bandoc et al. 20180ffshore wind power offers even larger potential because winds there

are stronger and more relialflgosch et al. 2018putexploitation is more expensive because of higher
costs for construction, mai ntenance and tfansmis
upd estimates of wind phys (MilereétalR0lb;&alkerietal 2017,c ou |l d
Kleidon and Miller 2020) but even in the most conservative estimates the technical wind potential
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surpasses the amount required for climate mitiggBwsch et al. 2017; Eurek et al. 201If) some
regions interannual variations in wind energy resourtesild be considered when designing an
optimal power systerfiWWohland et al. 2019a; Coker et al. 2020)

wind power density (100 m) [Wm~2]
—— - .

0 200 400 600 800 1000

Figure 6.10 Mean wind power density [WnT?] at 100 m above groundevel over land and 100 km
offshore.
[Source: DTU Global Wind Atlakttps://globalwindatlas.inf¢/

Larger, taller and more efficient wind turbines have resulted in larger capacity factors and lower
installedcosts for wind farms in the past 5 yednigh confidence Newerfloating foundations could
potentially revolutioisewind power exploitation offshorémprovements in wind turbine technologies,

and wind power cost reductions, are driven mainly by lacgpacity turbines as well as larger rotor
diameters and hub heights; larger swept areas lead to increased capacity factors for a given wind
resource, while wind resources increase with height. All major onshore wind markets have seen rapid
growth in both otor diameter (from 81.2 m in 2010 to 110.4 m in 2018), and average power ratings
(from 1.9 MW in 2010 to 2.6 MW in 2018). The average sf offshore wind turbines grew by a factor

of 3.4 in less than two decades, from 1.6 MW in 2000 to 5.5 MW in @BEBNA 2020a) The largest

turbine in the world became operational offshore in the Belgian coast in 2020, an 9.5 MW turbine with
a rotor diameter of 164 m. Floating foundations dqdtentially revolutioisewind power exploitation
offshore by allowing the taping into the abundant wind potential in deeper waters. This type of
technology is particularly important for regions like southeast Asia and western North America, where
coasthwaters are too deep for fixdmbttom wind turbines. Floating wind farms offer economic and
environmental benefits compared with fixledttom designs due to less/asive activity on the seabed
during installation, but meteorological conditions furthefsiobre are harsher on wind turbine
component¢IRENA 2019a)

A clear trend to higher capacity factors for wind farms can be seen 2di€eFigure 6.10). The

capacity factor for onshore wind increased by almosttbmd, from 27% in 2010 to 36% in 201&nd

for offshore wind from 37% in 2010 to 44% in 200BENA 2020a) These improvements come from

the evolution in capacity, size, and rotor diameter, but also in functionality. For example, manufactures
can adapt the wind turbine generator to the wind conditiondiries for windy sites have smaller
generators and smaller specific capacity per rotor area. Consequently, modern wind turbines operate
more efficiently and provide higher capacity fact®ehrig et al. 2019)

On one hand, developments in wind turbine control, including variable speed control, reduce fatigue
and limit loads on the wind thine structure in certain situations. Forecasting (using big data and Al)
and the automatic regulation of turbines (pitch control and yaw control) are used tasathemverall

energy output. On the other hand, there are also ongoing development®rtaheointegration of
dynamic active and reactive power control functions. These functions make use of the grid side dynamic
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control capabilities of wind turbines that allow for stedation of the grid, thereby allowing for higher
penetration of wind pwer in the existing power grid®ohrig et al. 2019)

Onshore wind is now consistnundercutting fossil fuels in a growing number of markets, often by a
substantial amounth{gh confidence The countrylevel weighted average LCOE for new projects
commissioned in 2019 was lower than theagest fossil fudiired option inArgentina, where the
weightedaverageL COE wasUSD 0.049/kWh, as well as in BraziUSD 0.048/kWh), ChingUSD
0.047/kWh), Egyp(USD 0.049/kWh), IndiagUSD 0.049/kWh), FinlandUSD 0.039/kWh), Sweden
and theU.S. (both atUSD 0.046/kWh).

Total installed osts for both onshore and offshore wind farms have decrease@@irfc€igure6.11),

but the total installed costs for onshore wind projects are veryasitemarkespecificas reflected in

the spread. China, India and theS. have experienced the largest declines in total installed costs. In
2018, typical countraverage total instadt costs were aroutdiSD 1,200/kW in China and India, and
betweenUSD 1,660 andJSD 2,250/kW elsewherdRENA 2019b) Total installed costs of offshore

wind farms declined by 18% betwee@1® and 2019. But, because some of the new offshore wind
projects have moved to deeper waters and further offshore, there are considerahbeygaar
variations in their pricdlRENA 2019a) Projects in recent years have typically been buittéaper

waters (1055 m) and up to 90 km offshore, compared to around 10 m iri 2006, when distances
rarely exceeded 20 km. With the shift to deeper water and sites further from ports, the total installed
costs of offshore wind farms rose, from an averafjaroundJSD 2,500/kW in 2000 to aroundSD
5,400/kW by 20112014, before falling to aroundSD 4,350/kW in 2018. Total costs are higher in
Europe than in China, reflecting the fact that Chinese deployment to date remains in shallow waters,
close to pas. System integration costs, which are not included in LCOE, are preseStadion 6.4.3.

Total i onshore wind energy, 2010-2019
otal installed cost
(2019 USD/KW) Capacity factor (%) LCOE (2019 USD/kWh)
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Figure 6.11 Global weighted average total installed costs, capacity factors and LCOE for onshore (top)
and offshore (bottom) wind power, 20162019.
Source(IRENA 2020a)

Wind power development poses relatively low, but sometimes locally significant ecologicalisghes (
confiderce). The most important measure for managing environmental and social impacts is careful site
selection of wind power facilitiesThe environmental impact of wind technologies, including. CO
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emissions, is concentrated migi in the manufacturing, transpahd building stage and to a smaller
extent in the disposal stage, but is at a minimum in the operational/use stage. Impact per generated
power is strongly influenced by the operating lifetime, quality of wind resource, conversion efficiency
and size of th wind turbineqLaurent et al. 2018)All wind power tetinologies repay their carbon
footprint in less than a yeéBonou et al. 2016 )providing decades of zegmission energy.

Wind farms carcause local ecological impacts, including impacts on animal habitat and movements,
biological concerns, bird/bat fatalities from collisions with rotating blades, and health concerns
(Morrison and Sinclair 2004Y he impacts on animal habitats and collisions can be resolved or reduced
through selective stopping program without affecting the productivity of the wind(éeroucas et al.
2012) Many coutries now require environmental studies of impacts of wind turbines on wildlife prior
to project development, and, in some regions, shutdowns are required during active bird nfagation
Lucas et al. 2012)0ffshore windarms can also impact migratory birds and other sea sgtieper

et al. 2017)and floating foundations pose lower environmental impacts at build($RENA 2019a)

The impacts of wind farm noise on lotgym human health have been shown to be well below
detectable level@Poulsen et al. 2018)

There is generally high support for onshore and even higher support for offshore wind energy, although
people may oppose specific wind farm projettiglf confidence(e.g.,Rand and Hoen 2017; Steg
2018; Bell et al. 2005; Batel and Deg-Wright 2015) People generally believe that wind energy is
associated with environmental benefits and is relatively cheap. Yet, some people believe wind turbines
can cause noise and visual aesthetic pollution, threaten areas of symboli¢eliles\Wright 2005)

and can have adverse effects on wildl{fgates and Firestone 2015Nhich challenges public
acceptabilitytRand and Hoen 2017Public acceptability of local wind projects is higher when people
believe fair decisiommaking procedures have been implemefifétken 2010a; Dietz and Stern 2008)

Yet, the evidence for effects of distance to wind turbines on public acceptability and whether financial
compensation can help increase support is mikeen et al. 2019; Rand and Hoen 2010ffshore

wind farms projects have higher public support,dratnot free from public acceptance isgiRegdolph

et al. 2018Bidwell 2017) In the financial context, common barriers to wind development are high
initial cost of capital and long payback periods and lacking or inadequate access to capital and high
upfront capital costs Optimal wind energy expansiomwill occur in the presence of a political
commitment to establish, maintain, and improve financial support instruments, technological efforts to
support a local supply chain, and, especially, grid reinforcemiactading storage (Section 6.4.6), to
integrate this new decentisdd way of generating electricif{piogenes et al. 2020)

6.4.2.3 Hydroelectric Power

Hydropower is technically mature, proved worldwide and may be wasbdlance electricity supply.
Areas for improvement are to be found mostly during the planning of a hydropower plant tasminim
environmental and social impacts as well as developing virtual storage capacity by thtesgadial
coordination of hydropoer plants at long distancesidgh confidence

The estimation of global gross theoretical available hydropower potential varies from 31 to 128 PWh
yri, exceedingotal electricity production in 201@anerjee et al. 2017put only a portion of this
potential is accessiblgigh confidence Hoes et al(2017)estimates the gross theoretical hydropower
potental to be approximately 52 PWhrrover 11.8 million locationsFigure6.12). This is about one
tenth of the global primary energy in 20, 2020) On the other hand, the electricity generation by
hydropower plants in 2019 was about 16% of the global elect{BRy 2020) (Killingtveit 2020).
Hydropowerhasa significant potential in the future energy mix, although many of the locations cannot
be developed for (current) technical, economic or political reasons. Hydropower helsnizale
potential estimated between 8 and 30 Pywh and an esnomic potential of 8 to 15 PW§r?! (van

Vliet et al.2016a; Zhou et al. 2015)he greatest contributor to the hydropower potential is Asia (48%),
followed by S. America (19%(Hoes et al. 2017)According to the World Energy Council, there may
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be an available potential of hydroelectgeneration worldwide of 10 PWiarl. This represents
approximately 40% of the total electricity supplied during 2018.

gross hydropower potential [GWhyr—!]

- s e

0 10 100 1000 10000 100000

Figure 6.12 Global map of gross hydropower potential distribution[GWh yr-1].
Original source: Hoes et al (2017).

Hydropower is a mature technology that is walbven worldwide with local adapted solutiotigh
confidenc® (Zhou et al. 2015Killingtveit 2020). The efficiency of hydroelectric plants is greater than
85%. A hydropowe plant typical has a water intake, the power station and the water outlet. Water
intake and outlet in a power plant may be divided in two major groups connected to the water storage:
without water storage (ruoff-river, and hydrokinetic) and with watetosage (storage hydro, pumped
storage)(Killingtveit 2020, IRENA 2015a) Hydropower plants without or with small storagan
producea few kWs to 10 MWSsThese faitities areuseful to provide electricity for a household up to
small communitiegEl Bassam et al. 2013pwler 2014) The lack of storage makes such hydropower
plants susceptible to climate variability, especially droughts, when the amount of water may not be
enough to keep generati(®ection 6.5Premalatha et al. 2014)

Hydropower plants with large reservoir are often large ones with generation up to several GW. Such
hydropower plants require large areas for their reservoir; however, this storage provides flexibility and
allows the hydropower to adapt to demand profiteréase reliability and continuity in the electricity

grid. It can be used as a peak load to reduce the costs derived from the dispatch of the most expensive
plants, as well as their reservoirs being a source for other water demaldagseson et al. 2015\

pumped gsirage hydropower store energy by pumping water to higher reservoirs duriughoand
periods(Killingtveit 2020). The regulatory characteristics of the storage of the hydropower plants on
the electricity system can be exjeeiced

Hydropower is one of the lowesbst energy technologi€Mukheibir 2013) Once the hydropower

station is constructed, costs for operation and maintenance are quite low, typically @52 of the
investment costs per kW per year for a lifaiwf 40 to 80 year&Killingtveit 2020). Upfront costs

related to the construction of the hydropower plant are high and site specific. The total cost for an
installed large hydropower project varies from as loWw&® 1000/RN up to aboutJSD 8000/kW if

the site is located far away from transmission lines, roads and infrastructure. Investment costs increase
for small hydropower plants and may be as higdsB 10000/kW or more for the installation of plants

of less than 1 MWIRENA 2015a) During the past 5 years total installed costs and LCOE have risen

by a few percent, but the LCOE of hydropower remains lower than the cheapest new fofisdduel

cost option(IRENA 2019c) However, social and environmental costs associated to the hydropower
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plants are important to be taken into consideration during the planning of the hydropower plant for the
definition of the real cost of the generated electrigipran et al. 2018)

Hydroelectric power plants may pose serious environmental and societal impacts that need to be
managed carefullthigh confidence(Mccartney 2009)Hydropower dams and channels may obstruct

fish migration and cause large modification to aquatic habitats. Below the hydropower dam, there can
be considerable alteratiots vegetation, natural river flows, retention of sediments and nutrients, and
alterations to water quality and temperature. Construction of large reservoirs leads to loss of land, that
in its turn may lead to social and environmental consequences. Dioeimdainning stage of a power

plant local physical, environmental, climatological, social and political aspects should be taken into
consideration and adapted to the local needs considering a broad persétingtveit 2020).
Moreover, a virtual energy storage that results from the spatiporal coordination of hydropower at

long distances can compensate eventual cligidaten fluctuations on the electricity generation by
virtually multiplying the existing physical stage capacityWoérman et al. 2020)Vhen large areas of

land are flooded by dam construction, greenhouse gas emissions are significant antbtéran

those from natural lakg®hyoe and Wang 201®aavara et al. 2020)

Public support for hydroelectric energy is generally Hgeg 2018)and higher than support for cpal

gas, and nuclear. Yet, public support of hydro seems to differ for existing and new piigicts (
confidenc® Public support is generally high for small anddinen scale hydropower in regions where
hydropower was historically usé@ormally et al. 2014)Similarly, there is high support for existing

large hydropower projects in Switzerla(lum et al. 2019; Rudolf et al. 201,4CanadgBoyd et al.

2019) and NorwayKarlstram and Ryghaug 2014yhere this is a trusted and common energycsou

Yet, public support seems lower for new hydropower projéidiEzboun and Boude2020) the
construction of new large hydropower plants is met with strong resistance in some areas, such as Chile
(Bronfman et al., 2015; Vince, 201®eople generally perceive hydroelectric energy as clean, and not
contributing to climate ltange and environmental pollutigialdellis et al. 2013) For example, in
Sweden, people believed that existing hydropower projects have as little negative environmental
impacts as solar and less than wig# 2005) However, in areas where the construction of new farge
scale hydroelectric energy is met with resistance, people believe that electrieitgtggenfrom hydro

can cause environmental, social, and personal ({Brksfman et al., 2012; Kaldellis et al., 2013)

The construction time of hydroelectric power plants is longer than many other renewable technologies,
reaching up to 7 years, which implies that there is greater uncertainty in the completion of the project.
As a result of social and environmental constraints only a small fraction of the economic potential can
be developed, especially in developed countiémy developing countries have major undeveloped
hydropower potential, and there are opportunities to develop hydropower combined with other
economic activities such as irrigatighacombe et al. 2014)Competition for hydropower across
country borders could also be a forcing for conflict, especially under climatgetimpact in water
resourceglto et al. 2015)

6.4.2.4 Nuclear Energy

Nuclear power remains a viable option to deliver-lcavbon energy at scalkigh confidence Doing

so will require improvements in managing constructiorgats of proven reactor desiginat hold the
promiseof lower costs and broader Useedium confidengeAt the same time, nuclear power continues

to be beset by cost overruns, higpfront investment needs, challenges with ultimate disposal of
radioactive waste, and low public acceptance and political support, which has only decreased since the
Fukushima Daiichi accidenhigh confidencke

It is unlikely that resource scarcity wigfovide a constraint to nuclear deployment at meaningful scales
for climate mitigation ihedium confidenge Estimates for identified uranium resources have been
increasing steadily over the years: at the 2016 level of uranium requirements (62,825ntifigdde
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conventional resources are estimated to over 130 years of supply as compared tosl@ngeaing

estimated in 20000ECD NEA and IAEA 20100ECD NEA and IAEA 2019)In an unlikely case of
uranium resource scarcity’lthonumtnhight rdgaintinterest, whidhr ani ur
has waned in the face of a better understanding of uraniunsitegbeir availability and low prices

(OECD NEA 2015IAEA 2005).

Gen Il nuclear power is already an established technology, but there are several other technology
options available in the 203050 planning horizonnfedium confidenge Reactor designs are
frequenly classified into four generations. The first commerniatlear reactors built in the late 1950s

and 1960s are classified as Generatiggstems. Generatielh systems include commercial reactors

that were built from 1970 to 1990. Generatldnreactors are commercial designs that incorporate
evolutionary improvements over Generatlbrsystems. GeneratielV is the classification used to
describe a set of advanced reactor designs that useatencoolants and are under development today.

1 New Builds- GEN lll/ llI+ . The nuclear industry has entered a new phase of reactor construction,
based on evolutionary designs of Gen IlI/lIll+. These reactors achieve improvements over previous
designs through small to moderate modifications, includimgroved redundancy, increased
application of passive safety systems, and significant improvements to containment design to
reduce the risk of a major accident. Examples include EurcfieBR, Korear APR1400, U.S:

AP1000, ChineseHPR1000 or RussianVVER-1200(MIT 2018).

1 Long-term operation (LTO) of the current fleet. Continued production from nuclear power will
depend in part on extensions of the existing fleet. At the end of 2019, two thirds of nuclear pow
reactors have been operational for over 30 years. The design lifetime of previous generation reactors
is typically 40 years. Engineering assessments have established that reactors can operate safely for
longer if key components (e.g. mechanical andtetat equipment, instrumentation and control
facilities, cooling towers) are replaced or refurbis®8EA 2018). The lifetime extension
considered in most of the countries is 10 to 20 yEECD IEA NEA2020).

Small Modular Reactors There are more than 70 SMRs designs at different stages of
consideration and development, from conceptual phase to licensing and canstofidiOAK

facility (JAEA 2020). SMRs are expedteto offer lower overall investment (units of less than
300MW) than traditional nuclear power stations. Modularity andsa#f preproduction should

allow greater efficiency in construction, shorter delivery times, and overall costsgitm (IEA
2019b)Most SMR designs offer increased letlowing capability that makes them suitable to
operate in smaller systems and in systems with increasing shares of variable renewable sources.
Their market development by the early 2030s will strongly depend on the successful deployment
of prototypes during 2020s which can demonstrate the announoefitden

Nuclear power costs vary substantially across countries. Nuclear has proven economically competitive
in some countries and uncompetitive in othigh{ confidenck Firstof-a-kind (FOAK) GEN III/111+

projects under constructiam Northern Americand Europe were marked by delays and costs overruns
(Berthelemy and Rangel 201b)with Finland and Fance as the extreme caseshere construction

times exced 1315 years and cost surpas# 3imes the initial budget®©ECD IEA NEA 2020. In
contrast, recent projects in China and Korea have been edeuitivén 6 years. In addition to region
specific reasons, future nuclear GEN IIl/llI+ costs will depend on the ability to benefit from the
accumulated experience to control main cost drivers. These fall into four categories: design maturity,
effective progct management, regulatory stability and predictability and fanitiand series effect

(NEA 2020) With lesson learned from FAOK projects, the cost of electricitynw builds are
expected to be in the range of 82 and 102/MWh depending on the region, similar to cost estimates

in 2015(OECD IEA NEA2020.

Lifetime extensions are significantly cheaper than new builds and cost competitive with other low
carbon technologies. The overnight cost of lifetime extensions is estimated in the rand2 380JS
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630/kWe for Europe and North America, orS30i 36/MWh for extensions of 10 to 20 yedSECD
IEA NEA 2020.

The first U.S. smalscale nuclear power project NuScale announced a capital cost of le4$SIban
5,100/kWe, which would not be competitive in the U.S. given current natural gas (Casllan

Pérez et al. 2017)Costcutting opportunities, for SMRs and GEN IIl/llI+ reactors, such as design
standargdion and inn@ations in construction approaches, are expected to make these technologies
competitive with other lovcarbon options by 203@nedium confidenge

Nuclear power is attended by a range of environmental and ecological imipgltsgnfidence New
passive eactor designs have nevertheless further reduced the risk of such actidgntsiifidencke
Although low in volume, it resultis radioactive waste entailing strictly controlled disal On a global

scale, roughly 421 ktons of spent nuclear fuel have been produced sinqgE®2014). Out of this
volume, 23% is highlevel radioactive waste (HLW), which presents challenges in terms of
radiotoxicity and longevity and requires permanent disposal. Furthermore, despite low probabilities, the
potential for major nuclear accidents ¢gjsand the radiation exposure impacts could be very large and
long-lasting(Steinhauser et al. 2014 uclear energy is generally found tofagorableregarding land
occupation(Cheng and Hammond 201Euderer et al. 2019and ecological impactéBrook and
Bradshaw 2015Gibon et al. 2017although the upstream nuclear life cycle (i.e., mining, tailings) can
impact biodiversity locally. Similarly, requirements of bulk materials per unit of energy produced are
low (e.g.aluminum copper, iron, rare earth metalkuderer et al. 2019Depending on the choice of
cooling system (onethrough or closed cyclgMouratiadou et al. 2016nhuclear power can require
large amounts of watéeldrum et al. 2013)in general, power plants situated on the coast are typically
more immune to water scarcity issues and regulations on water discharges. On the other hand, water
intensiveinland nuclear power plants may contributéacalised water stress and exacerbate conflicts
among competing water uses in those a(Edsko et al. 2016)Life cycle assessment (LCA) studies
suggest that the overall impacts on human health (in terms of disability adjusted life years (DALYS)
from nuclear pwer are substantially lower than those caused by fossil fuel technologies and are
comparable to renewable energf@seyer et al. 201:4Gibon et al. 2017)It commonly represents an

end point level in LCA methods linked quantitatively with the most common midpoint impact
categories such as human toxicity, ionizing radiation, ozone ldgpletion, particulate matter
formation and photochemical oxidant formation.

Nuclear power continues to suffer from limited public and political suppdgh(confidence Public
support for nuclear energy is consistently lower than for renewaklgy and natural gas, and in many
countries as low as suppdor energy from coal and ofHobman and Ashworth 2013; Corner et al.
2011; Pampel 2011)rhe major nuclear accidents (e.g., Three Mile Island, Chernobyl, Fukushima)
contributed tahe decrease in public suppdgird et al., 2014; Poortinga, Aoyagi, & Pidgeon, 2013)
Public remains concerned about the safety rigkauclear power plants and radioactive materials
(Tsujikawa et al. 2016; Bird et al. 2014; Pamp@1.1)

At the same time, nuclear energy is seen in some quarters as a reliable energy source, beneficial for the
economy and helpful in climate change mitigation. People who strongly endorseeselft values are

more likely to perceive such benefits of nucleaergy(Groot et al. 2013)Public support for nuclear

energy is higher when people are concerned about energy security, including concerns about the
availability of energy and high energy priq€upta et al. 2019bPublic supportlao increases when

trust in managing bodies is highigle Groot and Steg 2011Similarly, transparent and participative
decisionmaking processes enhance perceived procedural fairness and public &jppery 2004)

Because of the sheer scale of the investment required (individual projects can exBegd iBon in
value), nearly 90% of nuclear power plants under construction are run bgpwtetd companies with
governments assuming most of the risks and costs.demtries that choose nuclear power in their
energy portfolio, ®ble political conditions and support, clear regulatory regimes, and adequate
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financial framework are cruciébr successful implementatoNuc | ear power 6s | ow
are typically not compensated in the way that wind and solar power are promoted, for example, through
feedin-tariffs and feedn premiums widely applied in the E(Kitzing et al. 2012)or renewable
portfolio standards in the U.fBarbose et al. 2016These oubf-market payments create distortions

in the wholesale electricity price (leading occasionally to low or even negative prices), which impact
the revenues of existing nuclgdants(Bruninx et al. 2013Newbery et al. 2018 esser 2019)Nuclear

p o we r 6term Viabilitygvill hinge on demonstrating to pubénd investors that there is a letggm

solution to spent nuclear fuel. Evidence from countries steadily progressing towards first permanent
disposals Finland and Swedensuggests that broad political support, coherent nuclear waste policies
and a wl-managed, consensbased decisiemaking process are critical for accelerating this process
(Metlay 2016 Fountain 2017) The framework to address concerns about proliferation of nuclear
weapons is in place since many diEsNuclear projects must comply with national and international
norms and rules, such as IAEA guidelines, international treaties and conventionghemicddustry
standard¢OECD IEA NEA 2020)

6.4.2.5 Carbon Dioxide Capture, Utikation, and Storage

Since AR5, there has been an increased thrust on novel CCUS platforms that reduce energy penalty
associated with COcapture, development of GQitilisation pathways as aubstitute to geologic
storage and global policy developmeritigh confidence

Global geologic storage potential is about 1000 Gt, with more than 80% of this capacity existing

in saline aquifermedium confidengeNot all the sink capacity is Unrmly usable since geologic and
engineering factors limit the actual sink to an order of magnitude below the theoretical potential, which
is still more than the C&sink requirements through 2100 to limit temperature change t€ Thigh
confidence Oneof the key limiting factors associated with geologic.G@rage is sink availability,
which is not uniformly distributed globallyF{gure 6.13). The vat majority of the available sink
capacity eists in saline aquifers. Capacity in oil and gas reservoirs and coalbed methane fields is
limited. Storage potential in thd.S.alone is >1000 GEO,, which is more than 10% of the world total
(NETL 2015) The Middle East has morkan 50% of global enhanced oil recovery poteri8alosse

and Ricci 2017)Moreover, not all the geologic sinks areig#ihle. For economic lonterm storage,

the desirable conditions are depth of &BD0 m, thickness of greater than 50 m and permeability
greater than 500 mBingh et al. 2020)Even in reservoirs with large storage potential, the rate of
injection might be limited by the subsurface pressure of the res@airet al. 2018a)n many cases,
geologic storage capacity is not located close to theso@rce, which mightrther reduce the viable
capacity(Garg et al. 2017a)
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“#  Former Soviet Union:
1231 Gt-CO,

Eastern Europe:
256 Gt-CO;

Other Asia
1086 Gt-CO;

Middle East:
789 Gt-CO,

Central and
South America: g
1039 Gt-CO;

Australiaand g
New Zealand:
538 Gt-CO;

Figure 6.13 Geologic storagepotential across underground formations globally
[Data from(Selosse and Ricci 2017)

CO; utilisation i instead of geologic storagemight present a more viable and acceptable method of
decarboisaion (high confidence The global CQuitilisation potential, however, is limited to2Gt-

COy yrt currently(Hepburn et al. 2019; Katelhon et al. 2048 might increase to 20 @0, by the
mid-century Medium confidengeCCU involves using C@as a feedstock to synthssproducts of
economicvalue. It is notable that the highest potential for CCU exists in sectors that deliver energy
products themselves, e.g. methanol, microalgae and methane. However, these represent endothermic
reaction with large energy consumptifioppe et al. 2018; Daggash et al. 201dpreover, when
carbonrich fuel endproducts are combusted, significant proportions of §& emitted back into the
atmosphere. Accordgly, several C@ utilisaion avenues might be limited by energy availability.
Because of presence of several industrial corridors globally, a number of regions demonstrate locations
where CQ utilisation potential could be matched with large point souaf€30,. ( Wei et al.2020)

Existing postcombustion approaches relying on absorption are technologically ready fecdldl
deployment(high confidence More novel approaches using membranes and chemical looping might
reduce the energy penalty associated with absorption are in the laboratory or prototype phase of
developmen{Abanades et al.(&5) (high confidence There has been significant progress in post
combustion capture technologies that used absorption in solvent such as monoethanol amine (MEA)
with commercialscale application at two faciliti«gsBoundary Dam since 2015 and Petravhl since

2017 with capacity of 1 and 1.6 MO, yr respectivelyMantripragada et al. 201.%everal 2 and

3" generation capture technologies are being developed with the aim of not just lowering costs but also
enhancing advantages such as improved fam@nd lower water consumption. These include
processes such as chemical looping, which also has the advahtagdy cefiring amenability with
biomasgBhave et al. 203, ang et al. 201#nother important technological development is the NET
Power cycle which ufised CO, as a working fluid and operates based on-combustion capture.

These can deliver net efficiencies greater than 50% and 10026dp@ire but are quite sensitive to
oxygen and C@purity needgScaccabarozzi et al. 2016; Ferrari et al. 2017)

The technological development for €@ilisaion is still inthe laboratory, prototype, and pilot phases.
Technology development in some emgks is limited by purity requirements for £6% a feedstock
(high confidenck Theefficacy of CCU processes depends on additional technological constraints such
as CQ purity and pressure requirements. For instance, urea production requirpee€Sdised to 122
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bar and purified to 99.9%. While most ig#ion pathways require purity levels of -99%, algae
production may be carried out with atmospheric G et al. 2019; Voldsund et al. 2016)

CO; capture costs present a key challenge, remaining highet®Rb0/t-CO; for most technologies
and regions; ovel technologies could help reduce some cdsth(confidence The @pital cost of a
coal or gas electricity generation facilities with CC8limost double than without CG&hai and Rubin
2016; Rubin et al. 2015; Bui et al. 2018yditionally, the energy penalty increases the fuel requirement
for electricity generation b¥3-44% leading to further cost increaséalfle6.2).

Table 6.2 Costs and efficiency parameters of CCS in electric powegrants; values extracted from
(Muratori et al. 2017a)

Capital Efficiency [%] | CO, Capture CO, Avoided Cost
Cost Cost [USD/ton+ | [USD/ton-CO;]
[USD/KkW] CO

Coal (steam planty CCS 5800 28% 63 88

Coal (IGCC)+ CCS 6600 32% 61 106

Natural Gas (CCy CCS 2100 42% 91 33

Oil (CC)+ CCS 2600 39% 105 95

Biomass (steam plant) CCS 7700 18% 72 244

Biomass (IGCC)} CCS 8850 25% 66 242

Other approaches to reduce CCUS costs rely upadsingilthe revenues from garoducts such as all,

gas or methanol and also clustering of lgpgit sourcesa reduce infrastructure costigetpotential

for such reduction is limited in due tow sink availability but it could jumpstart initial investments
(mediumconfidencé Injecting CQ into hydrocarbon formationfor enhanced oil or gas recovery
produce revenues and lower cq&dwards andCelia 2018) While enhanced oil recovery potential is
<5% of the actual CCUS needs, they can enable early pilot and demonstration (xjgetd_6pez

and Moskal 2019)CG; is effectively stored even when the downstream combustion of oil/gas is
consideredSminchak et al. 2020; Menefee and Ellis 202@preover, geographical circumstances
determine the prospects of cost reduction via econeanfissale. By clustering together of several,CO
sourcesoverall costs may be reduced WD 10/+-CO; (Abotalib et al. 2016; Garg et al. 2017ahe

major pathways for methanol, methane, liquid fuel production and cement curing have costs greater
thanUSD 500/tCO; (Hepburn et al. 2019)The success of these pathways therefore depends on the
value of such fuels. At present, U.S.thene prices are low due to large unconventional gas production,
making this pathway cogirohibitive in the U.S.

Carbon capture, uidlaion, and storage technologies are largely unfamiliar to the p{ifieetkov et

al . 2019, L 6 Or a r{higk coiSidgench Beoptetmayanbt have2f@rhed 3table attitudes
and risk perceptions regarding these technolofilEmmen et al. 2006)medium confidengeIn
general, low support has been reported for CCS technol@dies and Chatterton 2013; Demski et al.
2017) When presented with neutral information on CCS, people favor other mitigation options such as
renewable energies and energy efficiency improven{@a®BestWaldhober et al. 2009; Scheer et al.
2013; Karlstrem and Ryghaug 201#lthough few totally reject CCS, specific CCS projectsehav
faced strong local resistance which has contributed to the cancellation of CCS (ficestd et al.
2012; L 6 Or an g e.C&mnurities alsassoaate CCL2t® bk tbWywesk and view it more
favorably than CC®Arning et al. 2019)

CCUS requires considerable increasesome resources and chemicals, most notably water. Several
power plants with CCUS might shutdown periodically due to water scahiifly Cconfidence Water
withdrawals for CCUS are 2B00%, higher than plants with CCUS8ang et al 2020; Rosa et al.
2020b) The increase is slightly lower for natbsorption technologies. In regions prone to water
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scarcity such as Southwestern US or Southeast Asia, this may result in power plant shutdowns during
summer monthéLiu et al. 2019b; Wang et al. 2019c)

Low scenario High scenario
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Figure 6.14 Costs and potential for different CQ; util isation pathways (Hepburn et al. 2019)

Because CCUS always adds cost, policy instruments are requirgs vaability (high confidencke
Relevant policy instruments include financial instruments such as emission certification and trading,
legally enforced emigsn restraints, and carbon pricifigaszeldine 201,8<ang et al. 2020)he recent

US 45Q tax credits offer nationwide tax credits;C@&pture projects aUSD 35-50/tCO, which might

be useful for some efficient plantg&sposito et al. 2019)

Similarly,-caBalfuelf or ni a

standard offer bena$i to CQ capture at some industrial facilities such as biorefineries and refineries

(Von Wald et al. 2020)
6.4.2.6 Bioenergy

Bioenergy is ptentially a highvalue and largscale mitigation option. It can support many different
parts of the energy system, could be particularly valuable fortbaddcarboise sectors with limited
alternatives to fossil fuels (e.g., aviation, heavy indusarny, can be used with CCUS to create negative
emissions. The technology for largeale production of biofuels from second generation processes,
however, is not competitive, and growing dedicated bioenergy crops raises a broad set of sustainability
concernslts longterm role in lowcarbon energy systems is therefore uncerthigh(confidence

Assessing the potential for purpeg@wn bioenergy is challenging due to its-faachimg linkages to

issues beyond thenergy sector, including competition with land for food production and forestry,
impacts on ecosystem services, and deforestétigh confidence(IPCC 2020 Chapter 12). These
factors, rather than geophysical characteristics, largely define the potential for bioenergy and explain
the difference inestimates of potentiahigh confidence Wastes and residues (e.g., agricultural,
forestry, animal manure, processing) or biomass grown on degraded, surplus, and marginal land
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1 provides opportunities for casffective and sustainabigoenergy at signitiant scal€low confidencg
2  (Saha and Eckelman 2018jardy and Mac Dowell 2020)
3  Bioenergy is extremely versatile: technology pathways exist to produce electricity, liquid fuels, gaseous
4  fuels, including hydrogen, and solid fuels from biagyeas wellas other valuadded productst tan
5 also provide a source of CDR through combination with CCUS and through biochar sequékigition
6 confidencg A key feature of bioenergy is the large number of end products that could potentially arise
7  from this currently available feedstock. Different chemical and biological conversion pathways could
8  be utiised based on the feedstock availability and-asdtargetedrigure 6.15. While most types of
9 biomass could be converted to electricity, other options are currently more competitive and appealing
10 (6.4.2.16.4.2.5). The most notable pathway for electricity productis through gasification
11 incorporating CQcapture, especially as it offers an importanfidag route with coalHermwille et
12 al. 2019) Both gasification and pyrolysis can deliver hydrogen but gasification is considerably more
13 flexible in terms of the feedstock that could beisgil. While potentially costompetitive, these
14  pathways are only in the demonstration stdgé& 2018k Molino et al. 2018) Sugarbased biofuels
15 have been used in several countries with ethadealding to gasoline. However, there is a limit to the
16 extent to which this route may be decaibeth because the sources of £&)e nonrstationary and
17 dispersed. Instead, for future transport fuels, both gasification (through further Hsohsch
18 procesing) and pyrolysis using cellulosic feedstocks are being targeted. Finally, very high moisture
19 wastes such as dairy manure and wastewater sludge can produce renewable natural gas (RNG) when
20 processed through anaerobic digestion. These can then offértidiresition routes for existing natural
21 gas power plants.
o e,i\‘t)\\\ &
%&0&@&\:@%@“&@@
Forest biomass
Forest management [ Gasification * * *
Saw mill residue
Shrub & chapparal
Cellulosic biomass Combustion *
Dedicated biomass
Crop residue
Municipal solid waste [ pyrolysis 0O 0 O nm
Dry waste
Green waste
P Hydrothermal
Gaseous waste + high- quuefaclion ol m
r moisture biomass
y ¥ »  Wastewater Sludge ‘
O . f.laiﬁ‘ill/dairygas Et'ﬁ,'ggﬁon * *
29 O Key end product % Compatible with CCS M Suitable for soil carbon sequestration
23 Figure 6.15 Range of bioenergy conversion pathways based on feedstock, targeted end product and
24 compatibility with CDR via CCUS and soil carbon sequestration (Modified fromBaker et al, 2020)

25 A key feature of bioenergy is its ability to deliver CDR. Bypturing CQ in different parts of the

26  supply chain, some bioenergy routes can producenegdtive GHG emissions in what is called
27  bioenergy with CQ@ capture and storage (BECCS). There exists a high potential for CDR through
28 BECCS(Smith et al. 2016Fuss et al. 2018)ut issues with biomagwoduction will influence the

29  viability of this option. Some early opportunities for l@mest BECCS are being usiéd in the ethanol

30 sector but these are applicable only in the #team at the scale @ 1 0 0-CQwiyr* (Sanchez et al.

31 2018) In the longetterm, gasification and chemical looping on solid biomass present appealing
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prospects for BECCS and could bewd costcompetitive with fossil fuels with CCUS around 2035
(Bhave et al. 2017)Additionally, both pyrolysis and hydrothermal liquefaction produce biochar which
is 80% permanently sequestered carbon. Apart from delivering CDR, this could deliver additional
purpo®s in the form of soil amendmerf#&ang et al. 2014b)

While liquid and gaseous fuels from bioenergy could prove highly valuable for deep désaidian
“secondggener ati ono f uel s sdalkadnotcwrentlydcomomicalyrviabteard eviti a t
require substantial breakthroughs to become competitigh ¢onfidence The progress in liquid fuels

so far has largely been through ethanol from food crops such as sugarcane or corn, which poses
competition to food availability and has lower yield per land area. Developmefitgan2ration fuels,

which are produced from neood, cellulosic feedstocks and offer other ancillary benefits, are still
under progress and are at the pilot st@d@ller-Langer et al. 20142Prussi et al. 2019 hese can be

critical to decarboise some applications with limited alternatives, like aviation and ind(stoyatori

et al.2017b;Mousa et al. 2016)The underlying processes (such as Fisdimepsch) are very sensitive

to impurities such as sulfur. Moreover, the produced fuels egaisiderable upgrading (ofter20%
hydrogen by wei-gho) c o bithati® ieonditisngindvhichghey may be used
directly consistent with current standar@@stadi et al. 2019Salman et al. 2020)Similarly,
technologies producing natural gas (e.g. digestion) tend to be less efff@@nthermochemical
approaches and often produce large amounts gft@quiring the produced fuels to undergo significant
upgrading(Melara et al. 2020)Scalingup these processes requires robust business strategies and
optimised use of ceproductgLee and Lavoie 2013)

BECCS is not commercially available and several technological and institutional barriers exist for its
implementation at lge scalé these include large upstream energy requirements in processing and
conversion ofbiomass, lack of biomass sources and: Gidks in proximity in several regions and
limited availability of CQ capture technologies for highoisture biomassh{gh confidence Several
dimensions of issues would need to be addressed for widespread BEQI@B8ndat. Detailed life

cycle scrutiny of BECCS indicates a tradeoff between CDR and energy provision with energy rate of
investment falling below the commercial threshold of &4djardy and Mac Dowell 2018 anzer and
Ramirez 2019)The processing requirements (drying, dewatering, petig) of different feedstocks is
energyintensive, and when uiing current power plants, the efficmnwould be close to 22% with

an increaselp t028% with advanced technologi€hang et al. 2020)Only limited locations show
proximity of biomass sources and higbality geologic sinks, necessitating additional wtead
pipeline infrastructure or means to transport biomass over larger distances, such as throigjgpellet
(Baik et al. 2018pSingh et al. 2020)

The broader environmental implications of bioenergy production extend beyond atinglotistion
products that may impact air quality and include land use and land use change emissi@3, non
GHG emissions, water use, feg#é use, and biodiversitfhigh confidencg Overall environmental
impact of bioenergy production at scale remainsertain and vags by regions and applicatiofrsgh
confidence At scales consistent with energy transitions discussed later in this clgatorf 6.7),
bioenergy is likely to exert very high stress on land use, which might be difficult to recattile
planetary boundariegserten et al. 2020deck et al. 201&hapter 12)Alleviating this will require

some combination of increasing in crop yields, changes in conversion efficiency of biomass to usable
energy forms, and advanced biotechnologies for getting higher fuel yield per tonne of fe@distogk

et al. 2018)Water use for irrigation could also increase to as high as the need for food crop production
for some cropqStenzel et al. 2019Gerbend_eenes 2018) This could be reduced with effective
utilisation of residues as bioenergy feedstdgkrogen fertiiser use is anticipated to be 1200% of

t he present day (Lade etali202Kato and Yamagata 201i4)o n s

Life-cycle climate impacts from bioenergy arebgct to large uncertainties these arise from
differences in feedstocks and sourcing, processing requirements for biesmsages, assumptions on
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sources of other fuels (especially electricity), retention of carbon in the solid or ligpiddocts, and
methodological and allocation differences in the way waste and dedicated biomass arehigiated (
confidencg Due to tle potentially large upstream requirements and associated indirect GHG emissions
discussed above, binergy systems may fail to deliver nemaro emissionéStaples et al. 201 71.ade

et al. 2020)Similarly, the CDR function of BECCS remains uncertain if the upstream burdens are not
optimised (Fajardy and Mac Dowell 2017anzer and Ramirez 2019ssociatedand use change
emissions could also accordingly increase substantially and could potentially jsetherdbw-carbon

benefits of bioenergy if high carb@awontent ecosystems are used for bioenergy crop cultiidd@mper

et al. 2018Drews et al. 2020)A key part of these lifeycle emissions is also the downstream fate of

the coproducts produced with the gaseous or liquid fuBfe carbon in the form of the aqueous co
products eventually gets emitted back into the atmosphere upon treatment in wastewater treatment
plants while a substantial part of the carbon pool of the soligr@ducts created is labi{8uss et al.

2019) Accordingly, process conditions (temperature, pressure, catalyst) need to bisedpton
produce higher usable fuel. Unrew of the large differences, effective governance and ings#ton

of bioenergy requires clearly defined regulations on how emissions and sequestration are accounted for
(Torvanger 2019)Similarly, consistency in approaches is required for allocation of emissions between
dedicated andasidual biomass feedstock (e.g. ethanol produced from corn grain versus corn ethanol).

The cost of 1st generation, sudrased bioenergy is currently comparable though on average higher
than other forms of final energhigh confidence These costs are mecontextuallydependent and
regions having large waste resources are already producingcokiw bioenergy (high
confidenciHanssen et al. 2020 the future, technology costs are anticipated to decrease but energy
from purpog-grown, cellulosic feedstockwill likely be expensive, creating urainty around
bioenergy costémedium confidengelLargescale deployment of early opportunities especially in the
liquid fuel sector may reduce the technological costs associated with biomass co(iks220e)

At the same time, the cost of feedstock may itself rise as bioenergy requirements increase, especially in
scenarios with large BECCS deploymé@naioglou et al. 202Qluratori et al. 202Q)

Table 6.3 The costs of electricity generation, hydrogen production and liquid fuels production from
biomass. These costs are adapted by considering the Z8% CI range from the (Daioglou et al. 2020a)

All values inUSD/MWh Low Median High
Bioelectricity with CCS 74 86 113
Bioelectricity without CCS 66 84 112
Biohydrogen with CCS* 42 62 61
Biohydrogen without CCS* 41 46 60
Bioliquids cellulosic with CCS 51 57 81
Bioliquids ethanol without CCS 38 50 66

* Using cellulosic feedstocks

The costs are also dependent on thews®sdapplication. For instance, while the cost of bioelectricity is
slightly higher than current grielectricity, costs of some biofuels are quite comparable to current fossil
fuels, though their scalability is limited.

9 Liquid Biofuels. Starch ethanol is largely used in some regions and its cost is cutdSilly
40-65/MWh, which is comparable to the cosfgyasoline. However, supply is limited and for
the key technologies compatible with CCS (Fis€hepsch and cellulosic ethanol), the costs
are higher in most regior(ki et al. 2019) It is projected that technological learning could
reduce these costs by half resulting from technological lea(ti#g2020e)
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1 Hydrogen The costs of hydrogen production from biomass are somewhat higher than, but
comparable to that produced by natural gas reforming with CCS i.e. blue hydrogen. Further,
the incremental cost for incorporating CCS here are as low as <5% in some cases since the
gasification route creates a highrity stream of Ce@Muratori et al. 20176Sunny et al. 2020)

While these process have fewer ongoing prototypes/demonstrations, they are significantly

(by 50-200%) cheaper than hydrogen produced from electrolysisimgjlsolar/wind resources

(Kayfeci et al. 2019Newborough and Cooley 2020)
9 Electricity. The costs of baseload electricity production with biomass are higher than
corresponding forms of fossil energgoduction with and without CCS, and are likely to remain

as such without carbon priciiBhave et al. 2017)he additional costs of G@apture are high
using conventional solvent based technologies. However, upcoming technologies such as
chemical looping are Wlesuited to biomass and create toast BECCS opportunities.

Acceptabilityof biomassand biofuelis relatively low comparetb other renewable Iovwarbon fuels
like solar and wind(Poortinga et al2013; EPCC 2017Peterson et al. 2015/a et al. 2015and
comparable to natal gagScheer et al. 2013)medium confidengeYet, peple knowrelatively
little about biomassompared t@ther energy sourc€ghitmarsh et al. 2011&PCC 2017)People
tend tohavemoreclear views orbiofuels compared to other mitigation optiqAdlen and Chatterton

2013; Allen and Chatterton 2013People evaluateiomass from waste products (e.g. food waste)

morefavorablythan grownfor-purpose energy crops, which are more controveBianski et al.
2015;Plate et al. 2010)The most important concerns about woody biomass are air pollution and loss
of local forestgPlate et al. 2010)Various types of bioenergy atidhally raise concerns about

landscapémpacts (Whitmarsh et al. 2011a)oreover, many people do not see biomass as a renewable

energy source, possibly because it involves burning of material.

Based on the largand potentially unprecedented uncertainties due to regional circumstances, scale,
trade, and linkages tord andfood systems, bioenerggquires clear regulations to reconcile with

planetary boundariesigh confidencg Large scale international trade of biomass might be required to

support a global bioeconomy, raising questions about infrastructure, logistarsifig options, and
global standards for bioenergy production and trade Current biomass trade exceeds 1 EJ globally but

will need to expand considerably if bioenergy will play a large role in climate change mitigation

(Proskurinaetal. 20690 Fut ur e

(Daioglou et al. 2020b)Accordingly, necessary regulations for international trade and remuneration

bi omass

trade

routes may

evol

schems would need to be developed. Additional institutional and economic barriers are associated with
accounting of negative emissions and BEQESss et al. 2014Muratori et al. 2016Fridahl and

Lehtveer 2018)A full-scale bioenergy sector might lead to employment of workers displaced from the
decline in use of fossil energy and increase in farm incoBexgion 6.7.7). Several of these workers

might be in the unskilled labor segment and may help counter job lossedassh fuel industry.

6.4.2.7 Fossil Energy

Fossil fuels play a unique role in climate change mitigation. On the one hand, the primary mechanism
for reducing emissions is to eliminate the unabated use of fossil fuels. On the other hand, fossil energy
combined vith CCUS provides a means to produce-lownearzero carbon energy while usiing the

available base of fossil energy worldwide and limiting stranded assets. S¥bilen 6.4.2.5 discusses
the important aspects of CCUS with fossil fuels, this seciims 0 elucidate the feasibility criteria

around these fuels itself.

The resource base of fossil fuels has continued to rise as a result of advanced exploratiaseaod util
techniques(high confidence A fraction of these available resources canubed consistent with

mitigation goals when paired with storage andsatibn opportunities in close geographical proximity
(high confidence Based on continued exploration, the fossil fuel resource base of countries has
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increase significantly, e.g. andrease in 9% for gas reserves and 12% for oil reserves was observed in
the U.S. between 2017 and 2018. This is a result of advanced exploration techniques which are often
subsidsed (Lazarus and van Asselt 2018; MA et al. 2018)ssil resources are distributed unevenly
throughout the globe depicting large geographical heterogeneity. Coal represents the largest remaining
resource (close to 500,000 EJ). Oil and gasueces are an order of magnitude smaller2Q%&J each).
Significant impacts of unconventional fossil fuels have been seen in the last decade through
technological development globally. Discovered ultimate recoverable resources of both unconventional
oil and gas are comparable to conventional oil and@asrt and Fizaine 2017)hat said, around 80%

of coal, 50% ofjas and 20% oil are likely to remain unextractable undeérc@nstraint§McGlade and

Ekins 2015a; Pellegrini et al. 2020his indicateshat it is unlikely that there will be a natural phaseout

of these fuels owing to a lack of reserves and instead such aqitaseuld need to be planned. The

key consideration in which resources would beisadl would likely be determined to the extent

which they could be peed up with CCUS resourdease Availability of CCUS technology not only

allows continued increase of fossil fuel use as a capital resource for countries but also paves the way
for CDR through BECCS, resulting in greater flextlilon mitigation(Pye et al. 2020; Haszeldine

2016) Reiterating fronBection 6.4.2.5, while the amount of theoretical geologic sequestration potential

is vast, there are litd on how much resource base could beasatilbased on geologic, engineering

and sourcesink mapping criterigBudinis et al. 2017)

Technological changes have continuediiwe down the costs of extracting fossil fuels. There is also

an outlook on the diversification of fossil fuels, most notably via the hydrogen market (high evidence).
The costs of extracting oil and gas globally have gone down hgingilhydraulic fracturing and
directional drilling for resources in unconventional reserv@ivachtmeister and Ho6k 2020l hile

the extraction of these resources is still more expensive than those derived from conventional reservoirs,
the large availability has significantly reduced global prices. Thergence ofiquefied natural gas

(LNG) markets has also provided an opportunity for export of natural gas to significantly farther
distances from the place of productiPlvraam et al. 2020)The increase in availability has been
accompanied by an increase in the piitbn of natural gas liquids, as a-poduct to oil and gas.

During 20142019, the exports of these liquids increased 160%. These liquids can present-a lower
carbon alternative to liquid fuels and hydrocarbons with appropriate process upgrélded¢icemd
Elgowainy 2018 Dutta et al. 2019)Finally, on the demand side, natural gas can be converted to
hydrogen using steam methane reforming, which is a technologically mature process. When combined
with 90% CQ capture, the costs of this process are considerably less than hydrogen prodaction vi
electrolysis and ranges aroud&D 1.5-2/kg-H. (Newborough and Cooley 202Collodi et al. 2017)

In terms of coal resourcesignificant potential exists for gasifying desgated coal deposits situto

produce hydrogen. Doing so reduces large fugitive methane emissions from underground coal mining.
The integration costs of this process with CCUS are less than with naeredfgrmingVerma and

Kumar 2015) Similarly, for ongoing underground mining projects, coal mine methane recovery shows
a positive outlook for major coal producers suclChsa and India. This technology can reduce the
fugitive methane emissions by-%8% (Zhou et al. 2016Singh and Sahu 2018)

The cost of producing electricity has remained roughly the same with some regional exceptions while
the costs of transport fuels hgene down significantlyhigh confidence The cost of producing
electricity from fossil fuels has largely remained static, barring few regional changes, e.g. 40% reduced
costs in theJ.S.for natural gagRai et al. 2019)The gas wellhead price has declined by almost 2/3

due to vast abundance of gas. Similarly, the global price of crude oil has declined fromUtiDost
100/bbl toUSD 55/bbl in the last five years. These have largely been triggered through unconventional
oil and gas availability through the breakthroughhiydraulic fracturing and horizontal drilling,
specifically in North AmericgIEA 2020f). Another parameter which cloube inferred as a cost of

fossil fuel extraction is the energy return of investment (EROI). Fossil fuels create significantly larger
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amounts of energy per unit energy investedr in other words have much larger EROI than most
cleaner fuels such as biass, where intensive processing reduces HR@ll et al. 2014) That said,

recent years have seen a decrease in EROI, especially as more underground coal mining has continued
in China. Exploitation of large unconventional gas reservoirs is also eneegiiré which leads to
reduction in EROI. The primary energy EROI of fossil fuels has converged at about 30, which
represents a 2point decrease from the 1995 value for d@xbckway et al. 2019)

Several countries have large reserves of fossil fuels, which is considergdifisasit capital. Owing

to climate constraints, these may become stranded causing considerable economic higbacts (
confidence While global fossil energy resources are resources are greater than 500,000 EJ, more than
half of these resources would likely be unburnable even in the presence of (Bg&J8t al. 2020;
McGlade and Ekins 2015aJhis would entail a significant capital loss for the countries with large
reserves. The total amount of stranded assets in such a case would anu#iDtlt® trillion (Box

6.11).

Apart from the large C@emissions and air pollutemfrom fossil fuel combustion (reported in AR5),

other environmental impacts include fugitive methane leakages and implications to water.systems
While the rate of methane leakage from unconventional gas systems is uncertain, their overall GHG
impact is €ss than cogdDeetjen and Azevedo 2020; Tanaka et al. 20IB¢ stated rate of leakage in

such systems ranges fron8% and reconciling them requires a canaltion of topdown and bottom

up approachefGrubert and Brandt 201Z:avalaAraiza et al. 2015)Similarly, for coal mining, the
fugitive methane emissions have grown despite some regulations on the degree to which emission
controls must be deployed. Recent IPCC inventory guidance also notes considerablai€sidpns
resulting from spontaneous combustion of the coal surface and accounting for these emissions will
likely increase the overall lifeycle emissions by-5% (Fiehn et al. 2020; Singh 2019; IPCC 2Q19)

Another key issue consistently notediwiinconventional wells (both oil and gas, and coalbed methane)

is the large amount of water requirements. The overall water footprint of unconventional reservoirs is
higher than conventional reservoirs because of higher lateral length and fracturirgreqts
(Scanlonet al. 2017; Kondash et al. 2018)loreover, produced water from such formations is
moderately to highly brackish, and treating such waters has large energy cons(&ipdjbrand Colosi

2019; Bartholomew and Mauter 2016)

Oil and coal consistently rank among the least preferred energy sources in manyolimgrimain
perceived advantage of fossil energy is the relative low costs, and ésimghdkese costs might
increase acceptability somewh&uropean Social Survey 2018; Hazboun and Boudet 2020; Boyd et

al. 2019)(high confidence Their average acceptability is similar to acceptability of nuclear energy,
although evaluations are less ped. People evaluate natural gas as somewhat more acceptable. Yet,
natural gas is evaluated as less acceptable than renewable energy sources, eldloatbns of

natural gas and biogas are rather sinilaebe and Dobers 2019; Plum et al. 20183ceptabiliy of

fossil energy tends to be higher in countries and regions that strongly rely on them for their energy
production(Boyd et al. 2019; European Social Survey 204&) combining fossil fuels with CCS can
increase their acceptabilifyan Rijnsoever et al. 2015; Bessette and Arvai 2038jne people sen
ambivalent to natural gas, meaning that they perceive benefits (e.qg., affordability, less carbon emissions
than coal) and disadvantages (e.g., finite resource, contributing to climate change) at the same time
(Blumer et al. 2018)

Fossil fuel subsidies have been valued of the ordeiSai 0.5-5 trillion annually by various estimates
which have the tendency to introduce economic inefficiency within sygtdarsill et al. 2015; Jakob

et al. 2015)high confidence Subsequent reforms have been suggested by different researchers who
have estimated reductions in €€missions may take place if these subsidies are renfdugrtiaca

2017) Such refams could create the necessary framework for enhanced investments in social welfare
T through sanitation, water, clean energyith differentiating impact$Edenhofer 2015)
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6.4.2.8 Geothermal Energy

The geophysical potential of geothermal resources t® @O0 times the current generationedium
confidencg Geothermal energy can be used directly for varthaamal applicationsncluding space
heating and industrial heat inpat,converted to electrigit(Moya et al. 2018; REN21 201Qimberger

et al. 2018) Suitable aquifers underlay 16% of the Earth's land surfatstare an estimated 416
5-1C°EJ that could theoretically be used for direct heat applications. For electricity generation, the
technical potential of geothermal engiig estimated to be between 120yEJ (to 3 km depth) and
1,100EJyr* (to 10 km depth). For direct thermal uses, the technical potential is estimated to range from
10 to 312 Eyr! (IPCC 2011)There is an enormous potential tbrect geothernmadheatfrom aquifers,
yetonly 0.15% of the annual global final energy consumption is supplied by geothermal direct heat.
The mismatch between potential and developed geothermal resewraaesedy high upfront costs,
decentrdbed geothermal hegbroduction, lack of uniformity among geothermal projects, geological
uncertainties, and geotechnical rigkBnberger et al. 2018)
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Figure 6.16 Global weighted average total installed costs, capacity factors and LCOE for geothermal
power, 2010
Source (IRENA, 2018

Geothermal energy is heat that is stored in the subsurface and is ablenmsaurce that can be
sustainably exploited. There are two main types of geothermal resources: convective hydrothermal
resources, where the Earthés heat is carried
rock resources, where therenis possibility of extraction using water or steam, and other methods must

be developed. There are three basic typegothermal power plant§l) dry steam plants use steam
directly from a geothermal reservoir to turn generator turbines; (2) flash glaats take higipressure

hot water from deep inside the Earth and convert it to steam to drive generator turbines; and (3) binary
cycle power plants transfer the heat from geothermal hot water to another liquid. Many of the power
plants in operation todagre dry steam plants or flash plants (single, double and triple) harnessing
temperatures of more than 180°C. However, medium temperature fields are more and more used for
electricity generation or for combined heat and power thanks to the developmenaryf ¢ycle
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technology, in which geothermal fluid is used via heat exchangers to heat a process fluid in a closed
loop. Additionally, new technologies are being developed like Enhanced Geothermal Systems (EGS),
which are in the demonstration sta¢fRENA 2018) Tecmologies for direct uses like district heating,
geothermal heat pumps, greenhouses, and for other applications are widely used and can be considered
mature. Given the limited number of plants commissioned, economic indidaigusg6.16) depend

heavily on site characteristics.

Geothermal has several adverse environmental impacts, including air pollution, noise pollution, water
pollution, land and water use, land subsitks thermal pollution, aesthetics, and other catastrophic
events such as seismic eveltigl confidence

Public awareness and knowledge of geothermal energy is rather low. Geothermal energy is evaluated

as less acceptable than other renewable energgesolike solar and wind, but is preferred over fossil

and nuclear energy, and in some studies, over hydroelectric dKamnyysas et al. 2019; Pellizzone et

al. 2015; Steel et al. 2015; Hazboun and Boudet 20#8h confidence Sane people worry about
install ment of geother mal energy production nea
projects(Pellizzone et al. 2015The most important concerns about geothermal energy involve water
usage, water scarcity, and seismic risks of drilling activiiiesvd et al. 2011)Moreover, noise, smell

and damages to the landscape have been reasons for protests against specifi(\idatiect$995)

At the same time, people perceive geothermal energlas/ely environmentally friendlfTampakis

et al. 2013)

6.4.2.9 Marine Energy

The oceans are a vast source of enérneghGuldberg et al. 2019nd an emerging alternative to

fossil fuels, which comprises energy extraction from tides, waves, ckeanal gradients, currents

and salinity gradient@indoff et al. 2019)Tidal energy, which uses elevation differences betwedn hig

and low tides, appears in two forms: potential energy (rise and fall of the tide) and current energy (from
tidal currents). The global technically harvestable tidal power from areas close to the coast is estimated
as nearly 1 TWKempener and Neumann 20148he potential for tidal current is estimated to be larger
than that for tidal range or barrajdelikoglu 2018) Ocean wave is abundant and predictable energy
and can be extracted directly from surface waves or from pressure fluctuations below the surface
(Melikoglu 2018) Its technical potential is estimated between 2,800 TWh/yea(Kempener and
Neumann 2014b)The temperature gradients in the ocean can be exploited to produce energy, and its
total estimated available resource could baaB0 TW (Kempener and Neumann 20148glinity

gradient energy is also known as osmotic power, and the global technical and theoretical salinity
gradient potentials could be over 5,000 TWh/yg&mpener and Neumann 2014dhe greatest
advantage of marine energy is that their sources are highly regularealicigble, and energy can be
furthermore generated both day and night. The greatest barrier to most marine technology advances is
the relatively high upfront costs, uncertainty on environmental regulation and impact, need for
investments and insufficientfrastructurgKempener and Neumann 2014b,a)

6.4.2.10 Wasteto-Energy

Wasteto-energydescribes technologies that convert waste (organic and inorganiorfjdntp energy
such as heat, fuel, and electricity. Thermal (incineration, gasification, anty$g)y and biological
(anaerobic digestion and landfill gas to energy) technologies are commonlfAbsead et al. 2020)
Wasteto-energy technologies contribute to climate mitigjah via clean electricity production and
reduction of GHGemissions that would have been emitted from landfills and fossil fuel power. plants

Wasteto-energytechnologies can reduce the volume of waste whiles producing sustainable energy to
meet the current demandlasteto-energysectorcould potentially provid about 13 GW of electricity
globally (Kumar and Samadder 201Mcineration plants can reduce the mass (B0%) and volume
(80-90%) of waste(Haraguchi et al. 2019)Vasteto-energyplants have a positive environmental
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impact and the ability to reduce GHG emissions. For every ton of waste treatexsteyo-energy
plants, 1 ton of GHG is avoidé@leanEarth 2020) Theby-product of the anaerobic digestion process
could be used as a nutrienth fertiliser for enhancing soil richness for agricultural purpd¥gainaina

et al. 2020) Incineration technology can minise water and soil pollutiofGu et al. 2019)However,

if not correctly handled, dusand gases such as $SECI, HF, NQ, and dioxins in the flue gases can
harm the environmer{Dieter Mutz Christoph Hugi, Thomas Gross 2017)

Wasteto-energyis an expensiv@rocess compared to other energy sources such as fossil fuels and
natural gagMohammadi and Harjunkoski 2020jowever, the environmental and economic benefits
make its high financial costs justifiable. The tawlenue generated from the globalsteto-energy
market in 2015 wabSD 25 billion, and it is predicted to increase in the coming years. The rike in
revenue results from the high demand for biological techndl@gand View Research 2016)aste
to-energytechnologies should be advanced with stdtehe-art pollution control device@srand View
Research 2016)

6.4.3 Systems and System Integration

GHG emissions are emittedcross the economy. This implies tlwatsteffective decarbdeaion
requires a fAsystem of systemsoOo appr oaResearchn whi
indicates that flexibilittechnologies and advanced control of integrated energy systemaxample,
infrastructures of electricity, heating/coolingas/hydrogen, transport sectérgould reducesnergy
investment and network infrastructurezestmeng by more than 20%n low-carbon energy systems

(Strbac et al. 2012 hang et al. 2019)

The electricity grid will serve as a backbafduture lowcarbon energy systemagcluding a transition

to digitalisation-based control paradigr(Strbac et al. 2018Minster et al. 2020)An important
challengewill be to integrate large amountswariable renewable electricity technologi{gtansen et

al. 2019) particularly wind and solar generati¢Rerez et al. 201Bistline et al. 2019) This will

presenta challengéecauseghe balance between demand supply needs to be maintaine@stales

from annual and seasonal to ssdronds. Increased renewable shamsch are invertebased, will

reduce system inertigMalekpour et al. 2020QYequiring greater frequency regulation, particularly to

deal with sudden losss of supply for example,as a result of a failure of a large generator
interconnector om rapid increase in demarf@ieng et al. 201,7Chamorro et al. 2020)Another
challengeis that variable renewable generation will displace the energy produced by conventional
fossiHfueledplants, but its ability to displace the capacity of fossil generation will be limited in the
absence of sufficient flexibility technologies swhenergy storag&trbac et al. 2015aFurthermore,

the electrification of segments of the heat and transport sectors represents a major challenge as the
increase in peak demand would be disproportionally higher than the corresponding increase in energy.
Surgesin peak demand may require significant reinforcement of geoerand network infrastructures

if the historical passive system operation paradigmastained(Strbac and Aunedi 2016)

6.4.3.1 Importance of crosssedor coupling for cost efective energy system decarhsation

Integrated wholeystem approads will be critical to minimse the cost of transitions taetzero
energy systemdigh confidence The lack of flexibility in the currerglectricity system fundamentally
limits high penetration of variable renewable electricity, as well as relatively inflexible nuclear power.
At the same time, the huge latent flexibility hidden in other energy séctorexample, hating and
cooling, hydrogen, transparand gas systesi provides opportunities to take advantagesyhergies
andcoordinateacross energy sectdiGlegg and Mancarella 2018gsefia and Mancarella 20Zhang

et al. 2018)

Differentenergyservicescan be supplied bgifferentenergy carriers, including electricity, gases such
as hydrogen, and thermanergy Figure 6.17). A costeffective, multi-system paradigm, requires
coordination of these syster{isuropearParliament 2019)
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In electricity, ®ctor couplingcansignificanty increase system flexibijyit driven by the interaction
between sectors atigeapplication of advanced technolog({@»gdanov et al. 201%sfaw et al. 2018
Cleggand Mancarella 2021&hang e@al. 2019;Heinen et al. 2016}or example, cooling systems and
electrified heating systems in buildings can provide flexibility thropigtheatingandprecooling via
thermal energwtorage(Figure6.17) (Li et al. 2016;Li et al. 2016) reducingsystem operating costs,
carbon emissionand energy system infrastructure capacity requirem8pgsem balancing services
can be provided by elgity storage and electric vehicles based on vehiglgrid concepd’i through

smart control of EV

batterdi

es

wi t hout(Aucedigipr o mi s |

al. 2017 Aunedi and Strbac 202(lydrogen production processes (pouwegas and vice versa) and
hydrogen storage can support skterin and longerm balancing in the electricity systé8tephen and
Pierluigi 2016 Stibac et al. 2018Electrolysisbased production of hydrogen danrease the resilience

of electricity systems with high penetration of variable renewable electricity with the support of
hydrogen power plants and lodgration hydrogen storag@Strbac et al. 2018Hybrid heat pumps can
provide flexibility to both electricity and gasstgms, by switching optimally to heat pumps indak
hours and gas boilers in peak hofltEement Energy 201 Klein et al. 2014Dengiz et al. 201%Fischer

et al. 2016)Electricity and ga can be exchanged between countries.

Resources

System

M

Intemational

Jomog

Figure 6.17 Interaction between different energy sectors (power, gas/hydrogen, thermagfhowing basic
energy sources at theéop, different production technologies, various forms of energy storage (electricity,
thermal, gas/hydrogen) and transport technologies, in the middle, and engse energy demand, at the

bottom (extracted fron{Munster et al. 2020)

Strategicenergy system planning rather than incremental plannirigwill minimise long-term
mitigation costs(high confidence With the wholesystem perspectiventegrated planningan be
optimised by considering both shetéerm operation and loagrm investment decisions, covering
infrastructure from local to national and international, while meeting security of supply requirements
and taking into account the flexibility provided by different technologies and advanced control

strategiegZhang et al. 20188) 6 Ma |l | ey

€ Btrbardt al.20200 Redearch has demonstrated

that management of conflicts and synergies between local district and national level objectives,
including strategic investméin local hydrogen and heat infrastructure, would drive significant whole
system cost saving&(nedi et al. 2016Strbacet al. 2018Zhang et al. 2018&hang et al. 2019Fu

et al. 202]. In the context of largecale offshore windeploymentlongterm planning of the offshore
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grid infrastructure, including interconnemti between different countries aredions, will beprovide
significant savings when comparedatshortterm incrementahpproach in which every offshore wind
farmis individually connected to the onshore gf&trbac et al. 2014)

6.4.3.2 Role and value of flexibility technologies and advanced control systems

Flexibility technologiesi including energy storage, demand side response, flegéftesration, grid
forming convertors, interconnectidnand advanced control systems will enable cost effective and
securemitigation in integrated energy systemiigh confidence A number offlexibility resource
options are available, including highlyefible thermal generation, grid forming convertors, energy
storage, demanside response and crelssrder interconnection to other systems. These technologies
have alreadybeen implemented but there is scope for further enhancement. Due to their
interdepadencies and similarities, there can be both synergies and conflictsisimgitihese flexibility
options It will thereforebe important to cordinate andoptimise the deployment of the potential
flexibility technologies and smart control strategies.

1 Flexible generation Advances in conventional generation technologies are allowing them to
enhance systerfiexibility . The canstart more quickly, operate at lower levels of power output
(minimum stable generation), maker fastetput change. All of thesenable them to more cest
effectivdy integratevariable renewable electricity

1 Grid-forming convertersThe ongoing transition of power systems from conventional generation,
applying mainly synchronous machines, to invedeminated generation is leadit@significant
operating challenges, mainly associated with reduced system strength, synchronous inertia, and
black start capabilityGrid-forming converters will be a cornerstooé future power systems
dominated by renewable generatidimey will address critical stability challenges, including the
lack of system inertia, frequency and voltage regulation, and-stackservices, while reducing or
eliminating the need to operate conventional generéliapyebi et al. 2019)

1 Interconnection Electicity interconnectors between differeregions can facilitate more cost
effective renewableelectricity deployment,enabling largescale sharing of energy, provision of
balancing servicg and backup resourcedBeyondelectricity, energy carrieuch as ammonizan
also be shared through gasfaomia/hydrogen based interconnectiostrengtheningemporal
coupling of multienergy sectors in different regior&etion6.4.5.

1 Demand Side Rpsnse Demandsidescheme$ including,for examplesmart appliances, electric
vehicles,thermal energy storage can potentialy provide different types of flexibility services
across multiple time frames and system sectors. Furthermore. smart control of end demand, through
differentiation between essential and rassential demand during emergency conditions following
outages andfdailures of infrastructure assets, could significantly enh#meeesilience of future
digitalised low carbon energy systeniGhaffey 2016)

1 Energy storageEnergy storage technologie3etion6.4.4 havethe ability to act as both demand
and generation sources. They can provide services such as system balancing, various ancillary
services, and network management. Furthermudilésation of renewable energy sources could be
enhanced significantly throughed use of longluration energy storage, while reducing the need for
firm low-carbon generation.

6.4.3.3 Benefits ofdigitalisation and advanced control systems

A digitalised energy system operation paradigm, including application of blockchain type technologies,
will significantly reduce energy infrastructuiavestmentswhile enhancingsupply security and
resilience(high confidence Significant progress has been made ia ttevelopment of technologies
that are essential for transitiondimitalised energy control paradigm, although the full implementation

in controlcenterds still under development.
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Electrification and the increased integration of the electricity systéth other systems will
fundamentally transform the operational and planning paradigm of future energy infrastAutuilye.
intelligent and sophisticated coordination of the multiple systems thrdiggtalisaion and smart
control will be requiredto support this paradigm shifirhis will provide significant savings through
optimal utilisation of existing nfrastructure at both local, regional, anadtional leved. It will also
facilitate radical changein the security of supplythroughredundancy in ssetsi the traditional
approachi to asmart control paradigm, given the rapid development of advanced control systems and
communication technologieSupply gstem reliability will be enhanced through advanced control of
local infrastructurgStrbac et al. 2015b)

Advanced datalriven control of energy system operasomill require progressive information and
communicationegchnologies and infrastructutiecluding the internet, wireless networks, computers,
software, middleware and dedicated technological developments. This will raise statidardnd
cybersecurityissues Due to the expansion of distributed renewable energy resourcesppeer
energy trading is expected to be one of the key elements eferstation power systems. Thidl
provide a number of benefits, including the creation of a comyettiergy market, reducedipply
interruptionsandan increase in overgbower systenefficiency.Blockchairbased technologies could
facilitate a shift todecentrabed energy systentontrol and support public energy trading without
sacr i fi ciatyThisitechnolsgpwhenmdeapleyedvith smart contractss suitable for systems
involving many participants, where a prerequisit@ligitalisation (e.g., smart metergleufel et al.
2019 Juhar and Khaled 2018)

6.4.3.4 System benefits of flexibility technologies and smart control

New sources of flexibility and advanced control syst@nmvide amajor opportunity to redudew-
carbon energgystemcostsby enhancing operating efficiency and reducing energy infrastructure and
low-carbon generatioimvestmentswhile continuing to meesecurity requirementsigh confidence

Key means for creatingavings are associated with the following:

1 Efficient operation of energy systefexibility technologies such as storage, demsidé
responses, interconnection, and cregstem control will enable morefficient, reaitime,
demand and supplyalancing.This hashistorically beenprovided by conventional fossfiliel
generatior(Nuytten et al. 2013)

I Savings in investment in low carbon generation capasjtstem flexibility sourcesan absorb
or export surplus electricity, thus avoiding energstailment and associated coatglreducing
the need for firm lowcarbon capacitfrom sources such amiclear and fossfiuel plants with
CCUS (Newbery et al. 201,3trbac et al. 2015af-or example, analysisasdemonstrated that
flexibility technologies and advanced control systems could enablé&) teé s -cdrbmrw
emission targets by building 14 GW less nuclear or 20 GW less offshore wind generation.
Similarly, DAC be used to sequester carbon using excess variable renewable generation,
reducinghe need for firm lowcarbon generation sourcasd allaving some residual emissions
in electricity or other parts of the energy system

1 Reduced need for baclp capacity System flexibility can reduce system peaks, which can
reduce the required generation capaciparicularly peaking plant capacitywith no
compromisen energy supphsecurity Thiscan producssignificant savings in investment in
conventional generation while meeting supply security stand&tdsac et al.2020)

91 Deferral or avoidance of electricitgetworkreinforcement/additionFlexibility technologies
supported by advanced control systems can provide significant savings in investment in
electricity network reinforcement that might emerge from increased demand (e.g. driven by
electrification of transport ral heat sectors). Historical network planning and operation
standards are being revised considering alternative flexibility technologies, which would
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further support costffective integration oflecarboised transport and heat sectopgivid
Economics 2019)

6.4.4 Energy Storage for LowCarbon Grids

Energy storage technologies will mdkev-carbon energy systemsore costeffective allowing more
expensive firm low carbon generation technologies to be replacedaviiblerenewableglLever et
al. 2016)and reducing investment costs in bagk generation, interconnection, transmission. and
distribution network upgradggigh confidence Energy system decarbigation relieson increased
electrification (Section 6.6.2.3. Meeting increasingdemand with fluctuating renewable sources
presents challengeand could lead to costly infrastructure reinforcemenEnergy storagesnable
electricity from variablerenewables to be matched agaiegblving demand across both time and
space, using shertmedium and longterm storage of excess energy for delivery atter lame or
different location.

Table 6.4 Suitability of low carbon energy storage technologies, in terms of the grid services they can
provide, as well as overall features such as technology maturity, where Low represents an emerging
technology; Med represents a maturing technology and High a fully matwe technology.
The opportunity for the cost of a technology to reduce over the next decade is represented by Low, Med
and High and the lifetime of installations by Long, for projects lasting more than 25 years, Med for those
lasting 1525 years and Short ér those lasting less than 15 year$PSH - Pumped Storage Hydropower
(IRENA 2017, Barbour et al. 2016); CAES - Compressed Air Energy StorageBrandon et al. 2015
IRENA 2017, Luo et al. 2014; LAES- Liquid Air Energy Storage (Luo et al. 2014, Highview 2019) TES
- Thermal Energy Storage Brandon et al. 2015Smallbone et al. 2017Gallo et al. 2016 FES - Flywheel
Energy Storage(Yulong et al. 2017 IRENA 2017); LiB 1 Lithium ion Batteries (IRENA 2017, Hammond
and Hazeldine 2015Staffell, I. and Rustomiji, M. et al. 2016 Schmidt et al. 2017@Nykvist and Nilsson
2015May et al. 2018 IRENA 2015b; Scapi Supercapacitors Brandon et al. 2015Gur 2018) ; RFB -
Redox Flow Batteries (RENA 2017); RHFC - Reversible Hydrogen Fuel CellsGur 2018, IEA 2015); PtX
T Power to fuels).

Suitability factor PSH | CAES | LAES | TES | FES | LiB Scap | RFB | PtX RHF
C
Upgrade deferral v v v v v v v v v v
Energy Arbitrage v v v v v v v v
Capacity firming v v v v v v v v v
Seasonal storage v v v
Enhanced frequenc v v v v v v
response
Frequency regulation v v v v v v v v v
Voltage support v v v v v v v v v
Black start v v v v v v v
Short term reserve | v/ v v v v v v
Fast reserve v v v v v v v v
Islanding v v v v v v v
Uninterruptible v v v v v
power supply
Maturity High | High Med Low | High | Med | Low | Low Low | Low
Opportunity to reducq Low | Low Low Med | Med | High | High | High | Med | High
costs
Lifetime Long | Long Long Long | Med | Short | Med | Med Med | Short
RoundtripEfficiency | 60 30-60% | 5590% | 70- 90% | >95% | >95 | 80 35% | <30%
70% 80% % 90% | 60%

Do Not Cite, Quote or Distribute 6-53 Total pages203




O© O ~NOUL WNPRF

[N
o

PR RPRRERPRRR
oO~NOoOUTDWNR

NDNDNNNNNNDDNPE
o~NO Ol A WDNE OO

N
©

WWwWwwWwwwwwwaw
©CoOoO~NO UL, WNEO

A A, DDAbSbDMDDSDLDS
o~NO Ok WNPEFEO

Second OrdeDraft Chapter 6 IPCCARG6 WGIII

Energy storage technologies can provide a range of different grid sefvat#sq.4). Energy storage
enhances security of supply by providing real time system regulation services (voltage support,
frequency regulation, fast reserve and shemin reserve). A greater proportion of renewable sources
reduces system inertia, requiring moreamgresponses to changes in system frequency, which rapid
response storage technologies are able to provide (enhanced frequency regulation requires responses
within subsecond timescale, and frequency regulation involving timescale from seconds to tens of
minutes). Investment costs in bagfg generation, interconnection, transmission, and distribution
network upgrades can thus be reduced (upgrade deferral), meaning that less low carbon generation will
need to be built, while still meeting the carbon tarigethe event of an outage, energy storage reserves

can keep critical services running (islanding) and restart the grid (blagk star

No single EST can provide all of required grid servicesportfolio of complementary technologies
working together can rpvide the optimum solutionh{gh confidencg Different energy storage
technologies can provide these services and supporeffestive energy system decarlgaion

(Lever et al. 2016)To achieve very low carbon systems, significant volumes of storage will be required
(Strbac et al. 2015&ection6.4.3.3. There are few mature global supply chainsnfiany of the less
developed energy storage technologies. This means that although costs today may be relatively high,
there are significant opportunities for future cost reductions, both through technology innovation and
through manufacturing scale.

Energystorage extends beyond electricity storage and incudes technologies which can store energy as
heat, cold, and both liquid and gaseous fuBlsergy storage is a conversion technology, enabling
energy to be converted from one form to another. This divestifin improves the overall resilience

of energy systems, with each system being able to cover supply shortfalls in the others. For example,
storage can support the electrification of heating or cooling, as well as transport through electric
vehicles, poweed by batteries or by fuel cells. Through smart charging schemes and the ability to flow
electricity back to the grid (e.g. through vehitdegrid), storage significantly reduces the need for
costly reinforcement of local distribution networks. By caipiyirotherwise wasted energy streams,

such as heat or cold, energy storage improves the efficiency of many systems, for example, in buildings,
datacentersand industrial processes.

6.4.4.1 Energy Storage Technologies

Pumped and Storage Hydropower (PSPFSH makesise of gravitational potential energy, using water

as the medium. Ofpeak electricity is used to pump water into an elevated reservoir, where it is stored
water for later release, when electricity is needed. Hydropower plants incorporating an element of
storage, either through seasonal reservoirs or by usifgeaff electricity to pump water, have been in

use for decades and account for 97% of worldwide electricity storage cafpgéit2018c) PSH is

best suited to balancing energy needs at a large scale, but conventiondaRiSHie not able to
provide services requiring a very rapid response and provide power regulation only during generation,
not during pumping. The construction itself can cause disruption to the local community and
environment, the initial investment isgtly and extended construction periods delay return on
investmen{Section6.4.2.3.

Advanced pumyiurbines are being developed, allowing both reversible and vaspbkd operation,

finer frequency control and improved routrp efficiencies(Ardizzon et al. 2014)New possibilities

are being explored for smadtale PSH installations and expanding the potential for gitinggias et

al. 2019) For example, in underwater PSH, the upper reservoir is the sea and the lower is a hollow
deposit at the seabed. Seawater is pumped out of the deposit to stpeakoéinergy and +enters
through turbines to recharge(Kougias et al. 2019)Jsing a similar concept, underground siting in
abandoned mines and caverns, could be developed reasonably @@igkkt al. 202Q) Storage of
energy as gratational potential can also be implemented using materials other than water, such as
rocks and sand?umped technology is a mature technol@@grbour et al. 20L.8Rehman et al. 2015)
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and an important contributor of electricity storage, but with limited potential relative to the potential
storage needs ifuture lowcarbon electricity grids.

Batteries.There are many types of batteries, all having unique features and sui@laibtg6.5), but

their key feature is therapid response time#\ rechargeable battery cell is charged by using electricity

to drive ions from one electrode to another, with the reverse occurring on discharge, producing a usable
electric curren{Crabtree et al. 2015While leadacid batteries (LABs) have been widely used for
automotive and grid applications for decadbtay et al. 2018) lithium-ion batteries (LBs) are
increasingly being used in grid scale proje@@sabtree et al. 2015)isplacing LABs. The rapid
response times of batteries mak®m suitable for enhanced frequency regulation atidg@®support,
enabling the integration efriablerenewables ito electricity gridgStrbac and Aunedi 201@3atteries

can provide almost all electricity services, with the exception of seasonal storage. LIBs, in particular,
are able to store energy and power in small volumes and with low weight, making thdefatllée
choice for EVgPlacke et al. 2017)

Table 6.5 Technical characteristics of a selected range of battery chemistriesategotised as those which
precede LIBs (white background), LIBs (yellow background) and post LIBs (bludackground).
With the exception of the All Solid State batteries, all use liquid electrolytes. (1Mahmoudzadeh
Andwari et al. 2017 2 = (Manzetti and Mariasiu 2015 3 =Placke et al. 2017 4 = Nykvist and Nilsson
2015 5 =Cano et al. 20186 = (Bloomberg EnergyFinance 20197 = You and Manthiram 2017, 8 =
Fotouhi et al. 2017 9 =IRENA 2017)

Battery Type Technology Maturity Life Span| Energy Specific Price
(Cycles) Density Energy (USD/kWh)

(Wh/L) (Whikg) in 2017

Lead Acid High 300-800° 1021065 38-60° 70-160°

Ni MH High 600-1,200° 220-250° 42-110° 210-365°

Ni Cd High 1,3502 1002 602 700

High  temperature  N{ High 1,000% 150-2808 80-1201 3154908

batteries

LIB State of art High 1,0006,000° 2006802 1102503 176°

LIB energy optinsed Under Development 600-850° 3004403

Classic Li Metal (CLIM) Under Development 800-1050° 42071 5308

Metal Sulfur (Li S) NearCommerciakation 100-500° 350:680% 8 360560% 8 | 36-130°

Metal Sulfur (Na S) Under Development 5000-10,0008

Metal Air (Li/air) Under Development 20-100° 4709004 70-200°

Metal Air (Zn/air) Under Development 1504505 2004104 70-160°

Na ion Under Development 5007 6007

All Solid-State Under Development 2784793

EV batteries are expected to form a distributed storage resasitbés market grows, both impacting
and supporting the gri@Staffell, I. and Rustomji, M. et al. 2016[prawbacks of batteries include
relatively short lifespans and the use of hazardous or costiyialatin some variant8Vhile LIB costs
are decreasin@chmidt et al. 2017&/artiainen et al. 2020}he risk of thermal runaway, which could
ignite a fire(Gur 2018 Wang et al. 2019apand concerns about loitgrm resource availabilifSun et
al. 2017 Olivetti et al. 2017)and global cradlo-grave impats (Peters et al. 201 Kallitsis et al.
2020)need to be addressed

The superior characteristics of LIBs will keep them as the dominant choice for EV and grid applications
in the mediurrterm figh confidence There are, however, several ngeneréon battery chemistries
(Placke et al. 2017yvhich show promiseh{gh confidenck Cost reductions through economies of scale

are a key area for developmegixtending the life of the battery can bring down overall costs and
mitigate the environmental impactgPetes et al. 201y Understanding and controlling battery
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degradation is therefore important. The liquid;ragctive electrolytes of conventional LIBs are the

main source of their safety issu@ur 2018 Janek and Zeier 201630 All -Solid-State Batteriesin

which the electrolyte is a solid, stable material, are being developed. They are expected to be safe,
durable and to have higher energy densifi#ggnek and Zeier 2016)lew chemistries and concepts are
being explored, such as lithium sulphur batteries to achieve even higher energy d#fasitidsorden

2014 Blomgren 2017and sodium chemistries, because sodium is more abundant than (ithiamng

et al. 2017) Costeffective recgling of batteries will address many of the sustainability issues and
prevent hazardous and wasteful disposal of used batteléeper et al. 2019 ostLIB chemistries

include metal sulfur, metalir, metal ion (besides Li) and ABolid-State Batteries.

Compresed Air Energy Storage (CAES)ff-peak electricity is used to compress air in a reseivoir
either in salt caverns for large scale, or in high pressure tanks for smaller scale installations. While
conventional CAES has used natural gas to power compmes&e low carbon CAES technologies,

such as isothermal or adiabatic CAES, control thermal losses during compression and e@yamgjon

et al. 2017c)Fast responses and higher efficiencies occur in ssoalé CAES installations, scalable

to suit the application and competitive with batteries as a distributed energy store, offering a flexible,
low maintenance alternatieuo et al. 2014Venkataramani et al. 2016)

CAES is a mature thnology in use since the 1970s. There have not been imstallations to date
(Wang et al. 2017b)however While the prospects for CAES are good, with an excellent global
geological storage potential of about 6.5 PAYghahosseini and Breyer 2018)high initial investment

is required. Higher efficiencies and energy densities can be achieved by exploiting the hydrostatic
pressure of deep water to compress air within submersible resqRioims et al. 2014)Similar to

PSH, CAES is best suited to bulk diurnal electricity storage for buffering renewable sources and
services which do not need a very rapid response, but has far more siting optiorSHremdRoses

few environmental impacts

Liguid Air Energy Storage (LAES).iquid air energy storageses electricity to liquefy air by cooling

it to -196°C and storing it in this condensed form (largely liquid nitrogen) in large, insulated tanks. To
release electricity, the Ol iquid agastdbinesslw-evapor a
grade waste heat can h#lised, providing opportunities for integrating with industrial processes to

increase system efficiency. There are cleaxploitable synergies with the existing liquid gas
infrastructurg(Peters and Sievert 2016)

LAES provides bulk daily storage of electricity, with the additional advantage of being able to capture
waste heat from indusal processesThis technology is in the early commercial st§gegen 2017
Brandon et al. 2015Advances in whole systems integration can be degdltpintegrate LAES with
industrial processes, making use of their waste heat streams. LAES uniguely removes contaminants in
the air and could potentially incorporate &sapture(Taylor et al. 2012)

Thermal Energy Storage (TEShermal energgtorageefers to a range of technologies exploiting the
ability of materials to absorb and store heat or cold, eittibin the same phase (sensible TES), through
phase changes (latent TES) through reversible chemical reactions (thermochemical TES). Rumpe
Thermal Energy Storage (PTE®)hybrid form of TES, is an adiriven electricity storage technology
storing bah heat and cold in gravel beds, using a reversible-fngap system to maintain the
temperature difference between the two beds and gas comptesganerate and transfer hé@egen

2017. TES technologiexan store both heat and cold energy for long periéals example in
underground water reservoirs for balancing between seg$¥@mset al. 2019Dahash et al. 2019)

storing heat and cold to balance daily and seasonal temperatures in buildings and reducing heat buildup
in applications generating excessive waste heat, such asetiééasand underground operations.

TES has the potential to be much cheaper than batteritkas thenique ability to capture and reuse
waste heat and cold, enabling the efficiency of manysimil, buildingsand domestic processes to be
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greatly improvedhigh confidenck Integration of this capability into energy systems is particularly
important, as the global demand for cooling is expected to drigh €onfidence(Peters and Sievert
2016;Elzinga et al2014) Sensible TES is well developed and widely used; latent TES is less developed
with few applications. filermochemical TES is the least developed, with no application &Bn&b

et al. 2016Clark et al. 2020)The potential for high density storage of industrial heat for long periods
in thermochemical TE$Brandon et al. 2015 high, with energy densities comparable to that of
batteries(Taylor et al. 2012)but material costs are currently prohibitive, ranging from hundreds to
thousands of dollars per tonne.

Flywheel Energy Storage (FESjlywheels are charged kaccelerating a rotor/flywheel. Energy is
stored in the spinning rotor 6s mimnesedtby rmagnetici c h
bearings in vacuum), or by contact with a mechanical electric motor. They can reach full charge very
rapidly, theirstate of charge can be easily determiffadiryar and Pullen 2017%nd they operate over

a wide range of temperature§vhile they are more expensive to install than batteries and
supercapacitors, they last a long time and are best suited to stationary grid ptoxagieg high power

for short periods (minutes). Flywheels can be used in vehicles, but not as the primary energy source.

Flywheels are a relatively mature storage technology, but not widely used, despite their many
advantages over electrochemical stordg®goni 2017)Conventional flywheels require costly, high
tensle strength materials, but higinegy flywheels, using lightweight rotor materials, are being
developedAmiryar and Pullen 201 Hedlund et al. 2015)

Supercapacitors, aka Ultracapacitors or Double Layer Capacitors (Soagycapacitors consist of a
porous separator sandwiched between two electrodes, immersed in a liquid ele(@oh2618)

When a voltage is applied across the electrodes, ions in the electrolyte form electric double layers at the
electrode surfaces, held by electrostatic forces. This structure forms a capacitor, storing electrical charge
(Lin et al. 2017Brandon et al. 2015nd can operatieom -40 to 65°C.

Supercapacitors can supply high peaks of power very rapidly for short periods (seconds up to minutes)
and are able to fulfil the grid requirements for frequency regulation, but they would need to be
hybridised with batteries for automotive applicatioriBheir commercial status is limited by costly
materials and additional power electronics requiredtadiise their output(Brandon et al. 2015)
Progress in this area includes the development of high energy supercapacitesap&i8apacitor
devicegGonzalez et al. 201@nd cheaper materiglé/ang et al. 2017agll providing the potential to
improve the economic case for supercapacitors, either by reducing manufacturing costs or extending
their service portfolio.

Redox Flow Batteries (RFB)Redox flow batteries use two separate electrolyte solutions, usually
liquids, but solid or gaseous forms may also be involved, stored in separate tanks andquamped
through electrode stacks during charge and discharge, with-aomalucting membrargeparating the

liquids. The larger the tank, the greater the energy storage capacity; whereas more and larger cells in
the stack increase the power of the flow battery. This decoupling of energy from power enables RFB
installations to be uniquely tailordd suit the requirements of any given application. There are two
commercially available types today: vanadium and zinc bromide and both operate at near ambient
temperatures, incurring minimal operational costs.

RFBs respond rapidly and can perform a# game services as LIBs, with the exception of onboard
power for EVs Lower cost chemistries are emerging, to enable-effisttive bulk energy storage
(Brandon et al. 2015A new membranéree design eliminates the need for a separator and also halves
the system requirements, as the chemical reactions can coexist in a single electrolyte solution
(Navdpotro et al. 2017Arenas et al. 2018)

Power to fuels (PtX)The process of using electricity to generate a gaseous fuel, such as hydrogen or
ammonia, is termed powdr-gas (P2G)and limited quantities of these fuels canibjected into well
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established gas networ{Gil et al. 202Q)with the added benefit afecarborsing gas(Brandon et al.

2015) andcombined cycle gasitbines can be converted to run on hydrogen. For greater compatibilit

with existing gas systems and appliances, the hydrogen can be methanated using captured carbon
(Thema et al. 2019however methane has high global warming potential and its supply chain emissions
have been found to be significgBalcombe et al. 2013)

PtX can provide all required grid services, depending on how it is integiAtieite the roundtrip
efficiency of converting electricity to fuel and back again can be bwere is still a need for
distributable fuels (hydrogen, mne, ammonia, synthetic hydrocarbons), for example in energy
systems lacking the potential for renewables and/or many applications requiring the high energy density
of chemical storage, such as transport of heavy goods and heating/cooling of b(@diregsal. 202Q)
Research into moreffeeient and flexible electrglsas which last longer and cost less is needed
(Brandon et al. 2015)

Hydrogen and Reversible Hydrogen Fuel Cells (H/RHRFG)rogen is a flexible fuel with diverse

uses, capable of providing electricity, heat and{t@mgn energy storage fgrids, industry and transport

and has been widely used industrially for decd@estion6.4.5.). Hydrogen can be stored in great
guantities in geological formations at moderate pressures, often for long periods, providing seasonal
storage(Gabirielli et al. 202Q)A core and emerging implementation of PtX is hyarogroduction
through electrolses. Hydrogen is a cadn-free fuel holding three times the amount of energy held by

an equivalent mass of petrol, but occugyalarger volume. An electssea uses excess electricity to

split water into hydrogen and oxygen through the process of electrolysis. A fuel celingethe
reverse process of recombining hydrogen and oxygen back into water, converting chemical energy into
electricity (Elzinga et al. 2014)Reversible hydrogefuel cells (RHFCs) can perform both functions in

a single device, however they are still in theguenmercial stage, due to prohibitive production costs

Hydrogen can play an impant role in the deep decarlsation of a range of sectogdobally and has

been shown to be the most ceffiective option in some cases, as it builds on existing sygtetaigell

et al. 2018)Fuel cell osts need to be reduced and the harmonies between hydrogen and complementary
technologies, such as batteries, for specific applications, need to be exploredHiydinegen provides
resilience in future low carbon energy systems, covering windless gamnéwable generation.
Research in this technology is focused on improving roundtrip efficiencies, which can be as high as
80% with recycled waste heand in highpressure electrgses, incorporating more efficient
compressior(Matos et al. 2019)Photeelectrolysis uses solar energy to directly generate hydrogen
from water(Amirante et al. 2017)

6.4.4.2 SocietalDimensions of Energy Storage

Public awareness knowledge about electricity storage technologies, their current state, and potential
role in future energy systems is limited. For instance, patipleotperceive energy system flexibility

and storage as a sifjcant issue or assume storage is already taking pRaddic perceptions differ

across storage technologies. Hydrogen is considered a modern and clean technology, but people also
have safety concerns. Moreover, the public is uncertain about hydrogagessize and the possibility

of storing hydrogen in or near residential areas. Battery storage both on household and community level
wasperceivedasslightly positive in one study However, financial costs are seen a main bager

potential of electc vehicle batteries to function as flexible storage is limited by the current numbers of

EV owners and concer nsnotbefdlyloaded whérsneededlr battery mi

6.4.5 Energy Transport and Transmission

The linkage between energy supply and transéion, on the one hand, and energy use on the other

is facilitated by various mechanisms for transporting and transmitting energy. As the energy system
evolves, the way that energy is transmitted and transported will also evolve.
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6.4.5.1 Hydrogen: LowCarbon Energy Fuel

Hydrogen (H2) is considerdd beone of the key lowcarbon energy fuels No z ar i and Karab
2015) Hydrogen at could offer a versatile, clean, and flexilid for a decarboised future(Fuel Cells

and Hydrogen Joint Undertaking 201Bjydrogen is carbofree and has a high conversion efficignc

(do Sacramento et al. 201®) electicity. Hydrogen can betilised for provision of electricity, heat,
industry, transport energy storaggurrently, hydrogen has limited applicatiof®r example, early

all of the hydrogen consumed in theS. is currently used by industry (e.g., refigipetroleum).
Furthermore, there are currently about 80 fuel cell power plants operatinglihSheith a total of

about 190 MW of electric generation capagiBA 2020) The Japaese governmetitas invested in
development of hydrogen fuel infrastructure, as a part of hydrogen ecqivetiy2017) aimed at
facilitating deployment of hydrogedmased fuel cell vehicleddydrogen fuelcell basediechnology

could supportheavyduty vehicles and potentially lighter vehicles for lorgange journeyg¢Kendall

and Pollet 2012 European Policy Solutions 201®ffice for Low Emission Vehicles 2018
(Department for Transport 201 Mlydrogencould providelow-carbon heat to building&eplacing
natural gas in boilersgnd industrial processes (e.g., as feedstock for the chemical industry or direct
reduction of iron oréVogl et al 2018) Hydrogencouldreplace natural gasased electricity generatipn
particularly to balanceariablerenewable generation and demand. Hydrogen could also provide long
term storage in aler to deal with extreme events, suchoas output of renewable generation for long
duratiors or asignificant increase in demand driven by extreme weather conditions.

Hydrogen can be produced from fossil fuels, biological matenad water(Dodds et al. 2015) ow-
carboncanbe producedfrom: (a) steam methane reforming (SMR) with carbon capture and storage
(CCS)(Sanusi and Mokheimer 2019p) autothermal reforming (ATR) with CQZhou et al. 2020)

(c) coal/biomass gasification with CEBu et al. 202Q)and (d) from low/zero carbon energy sources
such as renewables and nuclear (e.g., High TempeRaaetors (HTRYJaszczur et al. 201@) an
electrolysis proces&Schmidt et al. 2017aHydrogen production costs vary regionally and are highly
dependent on resource availability (i.e.,
renewabl e resour ce dn Tabke 6.6, thegaharaeteriétics rofy differeng hyydrogen
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production processes and estimated costs via fossil fuels are pré§@tedittee on Climate Change
2018) For naturagjasreforming, the CCS will add on average 50% on the capital expenditure (CAPEX)
and 10% for fuel as well as 100% of operation expenditure (OPEX), while for coal gasification, the

CAPEX and fuel cost is expected to increase (compared to without CCS)Y59#&X by 130%IEA

2019 Staffell et al. 2018)Three main electrolysis technologies are: alkaline electrolysis, proton
exchange membrane (PEM) electrolysis, and solid oxide electrolysis cells (SOECs), where the

estimated CAPEX and efficiencies are provide@able6.7 (IEA 2019 Fasihi and Breyer 2020)

Table 6.6 Key performance and cost characteristics of different hydrogen production technologies

Technology Efficiency (%) Carbon Intensity] Cost Estimates?
(kgcokghz) (USD/kgh2)

Current Future 2025 Long term
SMR with CCS 65 74 1.43.9 1.362.13 | 1.452.43
Advanced gas reformin( - 81 0.93.2 1.191.92 | 1.151.96
with CCS
Coal gasification with CCS 58 58 3.7-6.1 2.90 2.26:3.07
Biomass gasification witl 44-48 46-60 Potential to achievq 4.52 2.735.42
CCs negative emissions

*USD/GBP exchange rate is assumed to be7® (Average rate in 2019).
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Table 6.7 Efficiency and cost characteristics of different hydrogen production through electrolysis
technologies

Technology Efficiency (%) CAPEX (USD/kWe)

Current | 2030 | Long term | Current 2030 Long term
Alkaline 63-70 6571 | 70-82 5001400 | 400850 | 200700
Electrolysers
PEM Electroyses | 56-60 63-68 | 67-74 11061800 | 650-1500 | 200-900
SOEC Electrolses | 74-81 77-84 | 77-92 280065600 | 8002800 | 500-1000

One advantage of SMR/ATR based processethat they caruse existing gas infrastructure for
transport of natural gaSMR/ATR processes cahereforebe performed close toydrogen demand
centershypassing transportation challengessidual carbon engonspresent an important challenge,
however The largest reduction IBHG emissiongould be achieved by couplirighly-concentrated
CO; sources from C&emitting sectors with carbeinee hydrogen or electrons from renewable power
i n so cadolf eick | P dtawX¥)pathwaysArtz et al. 2018) This includes the increase in
efficiency and reduction in cost of the gamversion technologies (e.¢6MR, ATR)(Committee on
Climate Change 2018s well as development of advanced hydrogen productiondiecies (e.g.,
mainly electroyse's; SOEC)YSchmidt et al. 2017a)

Utilising remote renewable energy resources to produce hydrogen and then transport these fuels over
long distancegould facilitate coseffective global aergy system decarbisation (high confidence)

(See als®ox6.7 and Box 6.8¥-or exampleglectricity generatd fromrenewables (e.g., wind in north

of Europe and solar in Africgan be used to produce hydrogen that is then transported for useseésewh
(Ameli et al. 2020)Hydrogen in remote areaoweverwould require hydrogen transportation over

long distances, including local distribution and intermediate storage capabilities needed to deliver
hydrogen to the demand centers (e.g., refueling station or power @ffitsd of energy efficiency et

al. 2018)

Based on the amount of the produced hgdroas well as the distance to the demand, hydrogen delivery
infrastructure, including pipelines, trucks, storage facilities, compressors, and dispensers, would be
required Qffice of energy efficiency et al. 2018Hydrogen Europe 2018) For largescale
transportation, hydrogen must be presadrto be delivered in a form of compressed gas or liquid and

the national transmission system should be used. Due to the lower energy density of hydrogen compared
to natural gas, abouhree times more hydrogdiy volumeis required to supply the same energy.
Therefore, maintaining the security of supply is more challenging in hydrogen networks, and hence
linepack(Ameli et al. 2017 Ameli et al. 2019will play a critical role (Linepack is the volume of
hydrogen tored in the pipelines and can be used to meet abrupt diurnal changes in hydrogen demand.).
In the UK, in the Iron Mains Replacement Programi@emmittee on Climate Change 2018)e

existing low pressure gatstribution pipes are being converted from iron to plastic for health, safety,
and environmental reasons. This new distribution gas infrastructure will be able to transport hydrogen
within districts. Gasunie in Netherlands has used an existing 12kmIrgesnaipeline for transporting
hydrogeriGasunie 2019)Yet, new pipelines for hydrogen transmission at national level are likely to

be requiredwhich imposednvestment issuedn order to transport hydrogen in medium and high
pressurenetworks, reinforcements in compressor stations as welipatine construction routeare
required(Gasunie 2019)

Hydrogenis not currentlycost effectiveput it couldhave a significant role ifuture energy systems
(high confidence Key dhallengedor hydrogerare: (a) coseffective low/zero carbon productiofin)

delivery infrastructure cost, (c) linepack management, (d) maintaining hydrogen purity, (ejsmignim
hydrogen leakage (Office @nergy efficiency and renewable energy 2018), and (f) adaptingsend
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appliances (e.g., replacing the boilers). Heaagipbal hydrogerbased economy is not considered to

be fully cost effective at presefiEberle et al. 2009Q)nless an appropriate storage medium, which can
provide short term to long term capabilities, could be established. For direcstaigéydrogen
storage, mediums such as salt cavéirsdersson and Gronkvist 201€aglayan et al. 2023nd
hydrides(Schlapbach and Zitt€001)has been investigated, however there are still many challenges
from techneeconomic perspective, due to large size and minimum pressure requirements of the sites
(IEA 2019. This makes them not suitable for small scale and short term storage purposes.
Consequently, alternative carbéree fuels such as ammonia (NH3), which stores hydrogen (tsesp

17.8% of hydrogen by massgithout involving he carbon molecu)lemay become more attractive
(Kobayashi et al. 201%.an et al. 2012)

Ammonia; Promising Hydrogen Energy Carridydrogen could be used with captured@@produce
synthetic fuels (Poweto-X) such as ammonia, methanol, synthetic methane, and synthetic oil products
(IRENA 2019d) Such alternative fuels are dropsolutions to movaway from fossil fuel as: (a) they

can be used in existing infrastructure in the intensive indgsaiid in the transport sec(@umber and
Gurumoorthy 2018Schemme teal. 2017 Transport and Environment 201BENA 2017) (b) they

can benefit from the liquefied natural gas (LNG) industry, and (c) it is gasgore tharhydrogen
(IRENA 2019b) In the transport sector, synthetic methane might not be the best solution as leaks are
likely, but methanol could be used efficiently with the existing infrastructures, especially for aviation
and shipping[Schemme et al. 2017In the shortterm, the role of hydrogecould first be to form
methanol or other Cfbased fuel{Gumber and Gurumoorthy 201&venif CO; is captured from

fossil fuel combustion process, €emissionswill remain. Hence, to reduce emissions to zero,CO
should be captured from biomass or from diactapture (DAC) technologidERENA 2019b) CG,
emissions can be reduced by 74% to 98%niethanol and 54% to 87% foneethane as compared to
conventional production rout@d&A 2019a) As demonstrated ilRENA 2019h Creutzig et al. 2019a)

The royal society 2019EA 2019, ammonia is the most cesffective synthetic fuel.

Storing ammonia and transporting ammonia is more cost effectivédnjliaogen, however direct use

of ammonia for electricity generation produces substantigl &fiissions, which have high toxicity

(high confidence Liquid ammonia has recently been considered as a highly capable hydrogen carrier
(Zamfirescu and Dincer 2008lam et al. 2018Soloveichik 2016due to its high gravimetric and
volumetic hydrogen storagé&Zamfirescu and Dincer 2008Jhe energy density of ammonia is 38%
higher than liquid hydrogefOsman and Sgouridis 2018)loreover, ammonia is readily condensable
(liquefied at 0.8 MPa, 20°C), which provides economically viable hydrogen storage and supply systems.
At present, major ammonia production is ugedertilisers (approximately 80%), followed by many
industrial processes such as refrigeration, petrochemicals, andJiaodand Xu 2018)Ammonia
production and transport are established industrial procd3$86 (illion tonnes/yediValeraMedina

et al. 2017)and hence ammonia is considered to be a scalable areffeatitve fuel source.

Current hydrogen and ammonia production processes are mainly reliant on fosgfildtsann and
Dinkelacker 2018)Figure 6.18). As presented, ammonia can be produced from low/zero carbon
generation technologies such as RE&emer 2018and nucleafJaszczur et aR016)
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Figure 6.18 Ammonia and hydrogen production, transport andutil isation

Hydrogen, can be liquefied in order to be transported at volume via sea and withouigatEsgur
while liquefying hydogen (LH) requires temperature b253°C and is therefore energyensive, and
hencencreasing the cost of transp@@ffice of energy efficiency et al. 2018lydrogenEurope 2018)
Additionally, once the gas reaches its destination it needs todssified before being used, adding
further cost. A demonstration project is under development in Austetj@oring the alternative
options of exporting liguefied hydrogen to Ja#amashita et al. 2019)

Ammonia is produced froraynthessing hydrogen with nitrogen, anthen shipped via sea in liquid

form. Ammonia is a liquid fuel at temperatures of bel®&°C and is therefore more straightforward

and less costly to transport than LNG orl(Hingh et al. 2018)There is currently energy loss of about
15-25% when cracking ammonia back into hydrog¢ell and TorrenteMurciano2016 Hansgen et

al. 2010 Montoya et al. 2015)which couldfavor the use of ammonia, rather thlaydrogen in certain
sectors. A project where ammonia could be exported from Saudi Arabia to Japan is under consideration
(Nagashima 2018)

Liguid organic hydrogen carriers (LOHCs) could be an alternatitierofor transporting hydrogen at
ambient temperature and pressure, which considered to be more novel process than liquefied hydrogen
or ammonigSuh et al. 201;2Zlttel et al. 2003)The main advantage of LOHCs is the similarity to oll
products properties, and hence they can be transported by oil tankers and stored in oil tanks, so the oil
infrastructure can be nased A projectis under development in Brunei to export hydrogen to Japan
using LOHCqKurosaki 2018)One of the potential LOHCs is methylcyclohexane (MCH), with toluene

as the carrier molecule. However, toluene idaoand an alternative LOHC is dibenzyltoluemdich

is much more expensive than toluene currefhhyA 2019.

Challenges around hydrogen energy fuels including safety, storage, and consumption, requires new
devices and techniques to facilitate largeale use of hydrogen/ammoniagh confidence Hydrogen

should be gasified to be used or injected into the pipelines, while ammonia can be used directly as a
fuel without any phase change for internal combustion @Qgines, gas turbines, and furnaces.
Ammonia can be used also in low and high temperature fuel(tallsand Tao 2014whereby both
electricity and hydrogen can be produced without any éilssions. Furthermore, ammonia provides

the flexibility to be dehydrogenated for hydrogese purposes. Ammonia is considered a caftam
sustainable fuel for power generation, since in a complete combustion, only water and nitrogen are
producedValeraMedina et al. 2017)Ammonia could facilitate management of variable RES, due to

its costeffective gridscale energy storage capabilities (stgrammonia is more cost effective than
storing hydrogen). In this regard, production of ammonia fowwizero carbon generation technologies
along with ammonia energy recovery technologies could play a major role in forming an ammonia
economyto support dearborisaion (Afif et al. 2016) The combustion process of ammonia is very
similar to natural gas in gas turbines. However, due to low flammability of amrfioréaal. 2018)

there are difficulties in the ignition as well as burning velocity compared to other fuels. Many studies
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(Iki et al. 2015 ValeraMedina et al. 20N o z ar i and Kainvashbgatgddhe ftole of th® 1 5 )
ignition mechanism control, dnt is shown that through the existing technologies, emission will be
produced( No z ar i and K&yusebat 2044) Thelife20ycleAssessment (LCAfpr
ammonia (produced by renewables) for power generation indicates lower emissions (@3 Kg
ed./MJ) compared to natural gas (0.13 Kgz@@/MJ)(Bicer and Dincer 2017}t is demonstrated that

by taking into account the life cycle (e.g., wind turbine manufacturing and power plants), there are still
GHG emissions. Therefore, for carbfvee largescale powr generation, new devices and techniques
should be developed.

All hydrogen energy carriers face safety issues around flammability, toxicity and safe sibrage
medium in order to be viable options for transporting, storing hydrogen at{Eb&lde et al. 2009)
Particularly, beside the GHG emissions in the LCA of hydrogen energy carriers, a key challenge in use
of ammonia is NOx emissions (released from nitrogen and oxygen combustion) and unburned ammonia,
which are a substantial air pollution risk, not only from a health perspective (toxicity) but also from
visibility perspective EPA 2001)To deal with NQ emissions, a special catalyst would be adapted to
combine ammonia with nitrogen to decrease the nitrogen oxides prod(Ritten and Dincer 2017)

Due to low flammability of hydrogefNilsson et al. 2016and ammonigLi et al. 2018) a stable
combustion in the existing gas turbines is not feasible. In this regagent deelopmentshave
demonstrated thahe percentage of hydrogen that can be used in gas turbines was successfully
increased, and further development of gas turbines would enable operation of 100% hydrogen by 2030
(Simens 2019)

6.4.5.2 Electricity Transmission

Given the significant geographical variations in the efficieaf renewable resources across different
regions and continents, high capacity and long length electricity transmission infrastructure could
facilitate cost effective deployment of renewable generatiagih(confidenck In generalthe case for
increased electricity interconnection across different countries and regions rests on three core benefits:
() enhanced security of supply (ii) enhanced operation efficiency (e.g. regionayjdoacation
levelling) and (iiiymore costeffective deployment of renewables due to the fact that the efficiency of
renewable resources significantly vary across different regions and continents, as does the scale of
transmission network available to harness these resaierne et al. 2020and mitigate regional
variations in renewable energy output over diurnal, seasonal, anéimtaal cyclesHence, the diurnal

and seasonal characteristics of different renewable energy source such as wind, PV would need to be
considered inoptimising the generation and netwoudkesign and thereforenaximsing the asset
utilisation to support the integration of renewable technologies. During winter, i.e. high wind output
and low PV output, the grid can facilitate the North to South flows while during summer, the flows
reverse though there may be significant variation over diurnal cycles or associated with continental
weather patternsTherefore, a regional (global) approach to deploying renewables at the most
resourceful locations could facilitate a more egfective energy systn decarbasaion compared to

a local approach, while enhancing operational efficiency and reducing the need for investment in
peaking plant needed to meet security of supply requiremently. coordinated deployment of
renewable sources in Europe by @@%ould save 150 GW of renewable energy souegcity being

built while producing the same amount of renewable energy by, for example, harnessing of the climatic
dipole between southern and northern Europe with more efficient location of renewablesenecgg
andmaximising use of highproductivity regiongNewbery et al. 2013)lhat is, put simply, building

more wind in areas with high wind potettand more solar in areas with better solar connectivity and
increasing transport between regions to allow effective sharing of resources. This could save more than
USD180bn of capital expenditure by 20@6id).

Although the cost of renewables contiaue decrease, it would still be important to find the balance
between the codienefits of local against regional deployment strategies that need to be supported by
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sufficient transmission. In this context, there is growing interest in interconnecttbe uropean

power system in order to reduce congestion constraints driven by growth in renewable generation and
support electricity trading across the EU. Transmission infrastructure is not the only solution for
enhancing renewables uptake. For exampléhe USA further investment in elgcalised storage may

be preferable to largexcale transmission investmerftovins 2017)and (Jayadev et al. 2020)n

general, interconnection is more cogttimal for countries that are geographically relatively close to
each other, and can benefit from the diversity of their energy mixes and (Gsdgchtberger et al.

2017) Under strong sector coupling, the benefitransmission expansion may decrease but does not
disappea(Brown et al. 2018)Global ceoperation in impoving reliability of electricity systems and

ability to mitigate the consequences of global warming will require a globally interconnected system
that would improve both economic performance and relial{iBreyer et al. 201:9Bogdanov et al.

2016) Such developments are not without price, however, and, gshother concerns, raise issues
surrounding land use and resource acquisition for materials necessary for renewables developments.
Such issues are discussed\akulchuk et al. 2020and(CapellanPérez et al. 2017)

There were also potential benefits of wider integration between different regiondEdNg. (Middle

East & North Africa) ad Europe for renewable energy resource sharing, for exam{@etiaber et al.
2012 Rodriguez et al. 201Haller et al. 2012)There are clearly benefits tdilising continental
climatic variation to share renewable energy resoui€asparet al. 2019and could also help support
economic development in MENA regions, as well as temporal differences allowing countries to share
the burden of meeting peak demand across wider geographic rAagesnario analysis demonstrated

in (Bloom et al. 202Q)the benefito-cost ratio for westeraastern interconnection in the USA is 2.9.
Beyond Europe, intercontinental interconnectors, e.g-Wast (Middle East/Asia Europe) have also
been considered to enahltlisaion of geographically spread renewables across the globe. Increased
interconnectivity of largescale grids also allow$hé aggregation of "smart grid" solutions such as
flexible demand from wet devicékabesuw et al. 20159r use of electric vehicles (EVs) as demand
responsgRassakeet al. 2015)to support regional system performance. Larger scale integration of
systems can facilitate resource sharing of such assets over wide geographic ranges.

The State Grid Corporation of China is building a 1.1 million Volt transmission1R&{V voltage

source converter transmission technologies: the right fit for the application capacity) that will be able
to transport electricity over 2,000 mil@zairley 2016) This project is the first of its kind in éworld,

and a major step towards the development of international and intercontinentagynaegiligh

voltage Alternative Current (HVAC) and High voltage Direct Current (HVEB¥Chnologies are well
established and widely used for bulk power transmisdttDC is used with underground cables or
long-distance overhead lines where HVAC is infeasible or not economic. HYDC or UHVAC have been
developed to provide very long distance transport (over 2,500 km) and very high amounts of power
(over 7 GW), but therbas been strong interest in developing new technologies that might expand the
size of transmission corridors and/or improve the operational characteristics. Potential new technologies
include lowfrequency AC (LFAC)J et al. 2016Fischer et al. 2032Ngo et al. 201§ and halfwave

AC (HWACT) transmissior{Nicola et al. 2014)LFAC is technically feasible, but the circumstances

in which it is the best economic choice (compared to HVDC or HVAC) still needs to be established
(Xiang et al. 2016)HWACT s restricted to very long distances, however, there has not yet been
demonstration of HWACT, so its practical technical feasibility is not yet fully proven. There are still a
number of technological challengesieh require novel solutions to be developed in the near future.
These include the higher capacity of (ultra) HYDdammons and Lescale 201pyotection systems

for DC or hybrid AGDC netwaks (Franck et al. 20L7Chaffey 2016) improvement in cabling
technology, including thase of superconductors and nanocompogBalarino et al. 2016)

Market design, regulation and policy framework related to the development of regional interconnections
should be kEgned with the decarbasetion agenda in order to support cost effective deployment of
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renewable generationhigh confidence In addition, there are commercial barriers for further
enhancement of crog®rder transmission. This includes integration of the dposder trading into the
electricity marke{Newbery and Strbac 201tjat would addressthe asymmetrical impacts and provide
appropriate market signal that can inceistssuch development in an economically efficient manner
(Pudjianto et al. 2016)The asymmetric impact on the welfare t#keholders causes arbitrage trades
shifting away from the market equilibriums, which may further cause potential delay in the development
of crossborder interconnector (as it is not yet clear how the investment cost of interconnection should
be allocated recovered, although there is growing support to the concept that would allocate the cost
in accordance with the benefits delivered to market participant). Development ofbordss
interconnection may also require a new business model which pronggives for investment and
efficient operation, manages risks and uncertainties and facilitates coordinated planning and governance
(Poudineh and Rubino 2017)

Optimising the design and operation of the interconnected transmission system, both onshore and
offshore grids, also require more integrated economic and reliability appfidacano et al. 2012
ENTSOE 2020)to ensure the optimal balance between the economics and the provision of system
security whilemaximising the benefits of smart network technologiksthis regard, as an example,
studies suchs(Konstantelos et al. 201Koivisto et al. 2019Energinet 2020)nvestigate the potential
benefits of offshore grid including wind farms and interconnectors in the North Sea

Network load characteristickiven by the profiles of generation and demand, circuit losses, reliability
characteristics (risk factors) and the need for maintenance will also play a crucial role in determining
the optimal system design, particularly for the offshore syéapic et al. 2008)All of these factors
including the risk associated with future uncertainty should be considedesigming and operating
offshore network or lordransmission system in order to derive strategic decisionsatdnise the
long-term benefits andtilisaion of the network investmeriDe Sa and Al Zubaidy 201De Sa and

Al Zubaidy 2011 Du 2009 Strbac et al. 2014Moreover, public support for extending transmission
systems may be lo{Perlaviciute et al. 2018/ince 2010)

In this context, market design, infrastructure regulation and policy frarkewaated to the
development of regional interconnectiorntsogld be aligned with decarbisdtion agenda, which
remains one of the main drivers of power system reform and redesign in Ehevgeery et al. 2013
ENTSOE 2020b)

6.4.6 Demand Side Mitigation Options from an Energy Systems Perspective

End users and demaisitle measures are fundamental to an integrated approach to low carbon energy
systems The implementation of mitigation options, such as wind parks, CCS, and nuclear power plants,
may be inhibited when these options are not acceptabdettvs Moreover, end users, including
consumers, governments, businesses and industry, would need to adopt the relevant energy supply
options, and then use these in the intended way user adoption can be a key driver to scale up markets
for low carbon techologies This section discusses which factors shape the likelihood that different
mitigation options are adopted and used by end users, focusing on conSatien;6.7.6.1 discusses

the effects of policies to promote mitigation actions.

End users camngage in a wide range of actions that would reduce carbon emissions, including:

1 use of energy sources and carriers with low carbon emissions. They can produce and use their own
renewable energy (e.g., install solar PV, solar water heaters, heat purgstlai®s in a renewable
energy project (e.g., wind shares), or select a renewable energy provider.

9 adoption of technologies that support flexibility in energy use and sector coupling, facilitating
balancing demand and renewable energy supply. This wedicte the need to use fossil fuels to
meet energy demand when renewable energy production is low, and put less pressure on
deployment of lowemission energy supply systems. Examples are technologies to store energy
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washing machines), depending on the availability of renewable energy.
9 adoption of energefficient appliances and systems, and increase of resource efficiency of end uses
so that less energyg required to provide the same service. Examples are insulating buildings, and

passive or energy positive buildings.

1 changebehaviorto reduce overall energy demand or to match energy demand to available energy

supplies. Examples include adjusting inddemperature settings, reducing showering time,
reducing car use or flying, or operating appliances when renewable energy production is high.

9 purchase and use products and services that are associated with low GHG emissions during their
production (e.g.,aduce dairy and meat consumption) or for transporting products (e.g., local

products). Also, end users can engadeeimaviorsupporting a circular economy, by reducing waste

(e.g., of food), sharing products (e.g., cars, equipment), and refurbishingtsr@ely. repair rather

than buying new products) so that less products are produced.

Various factors shape whether mitigation options are feasible and considered by end users, including
contextual factors, individual abilities, and different types of wadtbn Mitigation actions can be
facilitated and encouraged by targeting these barriers and enablers (see 6.7.6.2).

Contextual factors, such as physical and climate conditions, infrastructure, available products and

technology, regulations, institutiong lture, and financial conditions define the costs and benefits of
mitigation options that enable or inhibit their adoptiomo@raphic location and climate factors may

make some technologies, such as solar PV or solar water heaters, imp(&ttial et al. 2009)
Culture can inhibit efficient use of home heating or(8dvacool and Griffiths 2020)ow carbon diets
(Dubois et al. 2019)and advanced fuel choic@an Der Kroon et al. 2013)Also, favorablefinancial

conditions promote theptake of PV(Wolske and Stern 2018jood facilities increase recycling
(Geiger et al. 2019gnndvegetarian meal sales increase when more vegetarian options are offered.

Mitigation actions arenore likely when individuals feel capable to adopt tlfiemeano and Lubell 2017;
Geiger et al. 2019)which may depend on income and knowledge. {imeome groups may lack
resources to invest in refurbishments and enefigient technology withigh upfront costéAndrews

Speed anila 2016; Chang et al. 2009; Wolske and Stern 204&X) higher income groups can afford
more carbofintensive lifestyle¢Golley and Meng 2012; Namazkhan et al. 2019; Frederiks et al. 2015;

Santillan Vera and de la Vega Navarro 20@9et al. 2020 Wiedenhofer et al. 2013) Knowledge of
the causes and consequences of climate change and of ways to reduce GHG emissions is not always
accurate, but lack of knowledge is not a main barrier of mitigation ac{®osgdet 2019)

Motivation to engage in mitigation action, reflectinglividu a | s 0

reasons for

acti

general goals that people strive for in their life (i.e., values) that affect which types of costs and benefits

of actions people consider apdoritise when making choices. People who strongly value protecting

the ervironment and other people are more likely to consider climate impacts and to engage in a wide
range of mitigation actions than those who strongly value individual consequences of actions, such as
pleasure and mondyaylor et al. 2014; Steg 201®eople endorse different values, andaordy have
the goal to maxinise self-interest. This implies that they consider different types of costs and benefits

when making choicefGowdy 2008 Steg 2016) Specifically, they not only consider individual, but
also affective, social, and environmental costs and benefits.

First, people are more likely to engage in mitigatlmehavior(i.e., energy savings, energy efficiency,

resource efficiency in buildings, renewable energy generation) when they believieebiastiorhas

more individual benefits than codidarland et al. 1999; Steg and Vlek 2009; Kastner and Matthies

2016; Kastner and Stern 2015; Kardooni et al. 2016; Wolske et al. 2017; Korcaj et alirkdading
financial benefits, convenience, comfort, autonomy, and independence in energy(¥mpke and
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Stern 2018) Yet, financial consequences seem less important for decisions to invest in-energy
efficiency and renewable energy producttban people indicai@hao et al. 2012)

Second, people are less likely to engage in mitigation behaviors that are unpleasuraoievenient
(Steg 2016)and more likely to do so when they expect to derive positive feelingssiniohmactions
(Pelletier et al. 1998; Steg 2005; Carrus et al. 2808sch et al. 2014 Taufik et al. 2016)Positive
feelings may be elicited whdpehavioris pleasurable, but also when it is perceived as meaningful
(Bolderdijk et al. 2013b; Taufik et al. 2015)

Third, social costs and benefits can affect climate a¢tanmow et al. 2017)although people do not
always recogisethis (Nolan et al. 2008; Noppers et al. 201B¢ople engage more in mitigation actions
when they think others expect them to do so and when othexs aetl(Rai et al. 2016; Harland et al.
1999; Nolan et al. 2008Being part of a group that advocates mitigation actions encourages such
actiong(Biddau et al. 2016; Fielding and Hornsey 2016; Jans et al. ZDdI&)ng with peers can reduce
uncertainties and confirm benefits abadibption of renewable energy technoldgalm 2017) and
peers can provide social supp@fifolske et al. 2017)People may engage in mitigation actions when
they think this would signal something positive about ti{@riskevicius et al. 2010; Milinski et al.
2006; Kastner and Stern 2015; Noppers et al. 2@ahial influence can also originate from political
and business leaddBouman and Steg 201¥or exampleGGHG emissions are lower when legislators
have strong environmental recofdensen and Spoon 2011; Dietz et al. 2015)

Fourth, mitigation actions, including saving energy and hot water, limited meat consumption, and
investments in energy efficiency, resource efficiency in buildings, and renewable energy generation are
more likely when people more strongly care about otArdsthe environmeriBalcombeet al. 2013;

Wolske et al. 2017; Steg et al. 2015; Van Der Werff and Steg 2015; Kastner and Matthies 2016; Kastner
and Stern 2015; Zhang et al. 201B&ople across the world generally strongly value the environment
(Steg 2016; Bouman and Steg 2Q189)ggesting that they are motivatedmitigate climate change.

The more individuals are aware of the environmental impact of their behavior, the more they think their
actions can help reduce such impacts, which strengthens their moral norms to act acd&teiggiyd

de Groot 2010; Jakovcevic and Steg 2013; Chen 2015; Wolske et al. 2017)

Initial mitigation actions can encourage engagement in other mitigation actionpadya experience

that such actions are easy and effedfivairen et al. 2016and when initial actions make theealse

they are a pr@nvironmental person, motivating them to engage in more mitigation actions so as to be
consisten{van der Werff et al. 2014; Lacasse 2015, 2016; Peters et al. ZBid8)mplies it would be
important to create conditions that matidéely that initial mitigation actions motivate further actions.

6.4.7 Summary of Mitigation Options

Table 6.8summaises the costs of electricity generation from different sour€able 6.9 ammarses

the barriers and enablers for implementing different mitigation options in energy systems. The
feasibility of different options can be enhanced by removing barriers and/or strengthening enablers of
the implementation of the options. The Table also indgahether the feasibility of options may differ
across context (e.g., region), time (e.g., 2030 versus 2050), scale (e.g., small versus large) and
temperature goal (e.dL,5°Cversus2°C).
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Table 6.8 Summary of cost and performance characteristics of key energy technologig¢Bigure is under development. What is shown is a sample of some of the
levelsed cost information gathered to date.]

X o | [ X
Solar PV X o X
X ] X
X o X
CsP X o X
X o X
) X ] X
Wind X o X
X [+] X
X o X
Hydropower
X [} X
Muclear X o X
X 1] X
) X o X
Coal with CCS X o X
X ] X
i X X
MNatural gas CC with 2%
CCs Xo X
. Existing fully —
depreciated coal plant
X [} X
Mew coal plant X o X
X o X
X o X
Existing and fully X
depreciated NGCC | | . | | |
T T T T 1 T T T T 1 T T T T T T T T T 1 T T T T 1 T T T T 1
0 50 100 150 200 250 300
LCOE ($,0,0/ MWHh)
X = low and high estimates 2020 X =low and high estimates 2030 X = low and high estimates 2050
o = mid estimate 2020 0 = mid estimate 2030 0 = mid estimate 2050
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Table 6.9 Summary of the barriers and enablers influencing the feasibility of different mitigation options.
Yellow shading signifies the indicator has a positive impact on the feasibility of the option. Light brown shading #ignifideatothas mixed positive and negative effect
on the feasibility of the optiorDark brown shading indicates the indicator has a negative impact on the feasibility of the option. A 0 signifies tbedodiEaot affect the
feasibility of the option, NA thaht indicator is not applicable for the option, NE indicates no evidence, and LE means limited evidence whether thaffetitsatobe
feasibility of the optionLoA = level of agreement; LoC = Level of evidence
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6.5 Climate Change Impacts on the Energy System

Various components of the current and future energy system, which are the basis for climate change
mitigation, are also affected by a changing climate. These effects are not limited to thec$upply
renewable energy, which are often weather dependent, and can impact, both in a positive and negative
manner, various aspects of the energy system. The impacts of climate change can be divided in three
general areas: impacts on the energy supply, impactenergy consumption and impacts on the
vulnerability of electric power systems. Climate change influences the processes in the climate system
in many interconnected time scales and thus also the energy system. For example, faults in electricity
transmssion due to wildfires (short time scale) can occur in the context of extreme heat waves (weekly
time scale), which occur within the slow and steady warming of the climate systertgflonghanges).

The focus of this section is not on how climate affélcésenergy system, but on how the changes in
climate impact drivers (e.g., increase temperature or drought) affect the ability of the energy system
transformation to mitigate climatdhange Figure6.19).

heat and cold wet and dry wind Isnow and ice| oceanic others
Z z | £ =
8 Z £ 3
z £ - P
< E| EN 3 -z & gz
5 £ 2|8 & § §§E§u§§ : 53 £
B s|E &8 = ] 2 5 I5 2 = =
g T S|E 82 HISRIIRRIE EE T oz
= L gl8 88 9 Ele § z|=E ;gE s 8 2 4
£+ 3 5|8 & o § 2|3 ® i ]
tEEE|lZaEglz|zER]|se gl 18l
5§EE=G!§§§5!?§{ g- ~ E 53
energy activity E 58 s|E B8 S S|t g 5|83 Bl 8 gl 8 2 3 3
resources (dammed) ||
hydropower design and operations (dammed)
resources (un-dammed) N .
design and operations (un-dammed
resources
wind energy design and operations (onshore) - direct impact
design and operations (offshore)
resources (PV) [ seconday impact
solar energy resources (CSP)
design and operations [] wnown relationship, not quantifiec
ocean energy resources|
blosnergy resources - - - D none/very little impact
conversion and transport]
thermal power plants efficiency
wulnerability} | |
cs efficiency
thermal heating
energy consumption
coolin
efficiency]
electric power system operations,
winerabiity) [l

Figure 6.19 Relevanceof key climatic impact drivers for major categories of the energy systenDirect
impact indicates climatic impact drivers that directly affect the energy sector activity; secondary impact
indicates impacts that indirectly affect the energy system activityNon-quantified represents impacts

mentioned in the literature but whoseeffect is unquantified.

6.5.1 Impacts on Energy Supply

The increased weathdependency of future lowarbon power systems amplifies the possible impacts

of climate change-However, therés high agreement and robust evidence git@tbally climate change

impacts on hydro, wind and solar power potentials are small and should not compromise climate
mitigation strategies. At the regional and local level, however, climate change effects oteRials

can be significantClimate change impacts on bioenergy potentials are complex andunt@gain

because of uncertainties associated with the crop response to climate change, and future land and water
availability. Climate change is expected to reduce efficiency of thermal generation and increase the risk
of power plant shutdowns during dights. Additional cooling water needs of carbon capture and
storage (CCS) can increase these risks
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6.5.1.1 Hydropower

Impacts of climate change on hydropower is highly regional and may be positive or negative. High
latitudes in the northern hemisphere are eddma experience increased runoff and hydropower
potential. Regions where a decreased runoff is expected may have reduced hydropower production as
well as increase water conflict among different economic activitigh confidencke

The production of hydropower is directly related to the availability of water. Changes in runoff and
seasonality, as well as changes in temperature and precipitation intensity, may influence hydro
electricity production by impacting from the technical edentis of the power plants to the structure of

the dam(IHA 2019). Increased precipitation intensity may affect hydropower production by increasing
trash, vegetatioand silting of reservoirs or increasing the amount of water spilled resulting in erosion
at the toe of the dam and may require security upgrades. Extreme weatheligepptrdtture security

that needs to be taken into account on the produtBohaeffer et al. 2012; IHA 2019\t the same

time, the increased precipitation increases water availability promoting hydropmaguction.
Climate change can also lead to higher air temperature leading to surface evaporation and reduction of
water storage, and to loss of equipment efficigiiyingerand Vergara 2011; Fluix8anmartin et al.

2018; Hock et al. 2019; Mukheibir 201&)limate change can alter the demands for water use by other
sectors that often rely on stored water in mpiltipose reservoirs. Typically the increased need of water

for irrigation or industry can affect the availability of water for hydropower genergfolaun and

Cerda 2017; SpaldinBecher et al. 2016)At the same time, higher temperature increase glacier
melting, increasing water availability for hydropower, as well as changes the timing of snow and ice
melt that may require upgrading in storage capacity and adaptation of thepdwedr plant
management for fulling exploiting the increase in water availability.

RCP2.6 RCP8.5

Streamflow changes (%)

Bl - 50 20to-5 || +20to +40
Bl soto 40 sto+5 [ +40to +60
B <oto 20 |+5to+20 [ >+60 7/ masked

Figure 6.20 Global spatial patterns of changes in gross hydropower potential based on climate forcing
from five climate models.Changes are shown for the 2050s (upper) and the 2080s (lower) for the low
emission scenario (RCP2.6; left) and highest emission scenariocGR8.5; right) scenarios relative to the
control period (1971 2000).
[Source:(van Vliet et al. 2016¢)Figure 5].
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Although climate change may affect hydropower production in a number of ways, most studies have
focused on how changes in river flow would affect hydropower potd@trahin et al. 2018a; Solaun

and Cerda 2019; Schaeffer et al. 2012he conclusions regarding climate change impacts on
hydropower vary due to differences in modelling assumptions and methodology, stoicatthe

GCMs and hydrological model, choice of metrics (e.g., projected production vs. hydropower potential),
level of modelling details between local and global studies, reservoir operation assumptions and how
they compete with other reservoir purpssaccounting for other competing water and energy users and
how they are impacted by climate chaifgarner et al. 2017; van Vliet et al. 20168pnetheless, the
analyses are consistent in demonsiggthat globally, the impaatf climate change on hydpower is
small;however regionally they are variable both positively and negatiliai confidence Decreases

in gross global hydropower potential are estimated frormaslight increase around30(Hamududu

and Killingtveit 2012)to betweeni 0.4% (GCMGHM ensemble mean for the low emission scenario)
andi 6.1% (for the highest emission scenario) for the 2080s compared t2D@D1Figure6.20) (van

Vliet et al. 2016a)

Regional changes in hydropower production are estimated fraf¥bincreases for most areas in high
latitudes due to increase of water availability due to increpsegipitation and glacier meltingyan

Vliet et al. 2016c; Turner et al. 201fB)decreases byi 20% in areas with incread drought conditions
(Cronin et al. 2018a)Streamflow has been consistently shown to increase by 2080 in high latitudes of
the northern hemisphere, and parts of the tropics such as central Africa and Southern Asia while
decreasing in the USA, southern atehtral Europe, Southeast Asia and southern South America,
Africa and Australia(van Vliet et al. 2016b,c)Studies are consistent in indicating an increase in
hydropower production in the high latitudes of the northern hemisphelgding Canada, Nordic
European Countries and Russia, as well as, weeit South America, Southern Asia, equatorial Africa

and developing Pacific. Decrease in streamflow and hydropower production are indicated for the USA,
central and southern Europdiddle East, central Asia and Southern South America. A disagreement
among studies is found regarding hydropower production in China, central South America, and partially
in Southern Africa.

6.5.1.2 Wind Energy

Climate change is not expected to substantially anfgure wind resources that could compromise

the ability of wind energy to mitigate climate change. Changing wind variability may have small to
modest impact on increased backup energy and storage needs; however, studies focus mostly on Europe.
(high confidencg

Long-term global wind energy resources are not expected to substantially change in future climate
scenariogKarnauskas et al. 2018; Yalew et al. 2020a; Pryor et al. 2B2@)ever, recent research has
indicated consistent shifts in the geographic position of atmospheric jets under the high emission
scenariog(Harvey et al. 2014)which would decrease wind power potentials across the Northern
Hemisphere midatitudes and increase across the tropics and Southern Hemisphere. However, the
various climate models used for investigatioture wind resources differ in the degree of which they

can reproduce the current wind resources and wind extremes, thus questioning how robust their
prediction of future wind resources grayor et al. 2020)

At the regional scale, there are many studies on regional future wind resources. For Europe, there is
medium evidence @hmoderate agreement wind resources will increase in N. Europe and decrease in
S. EuropgMoemken et al. 2018; Carvalho et al. 2017; Devis et al. 26F8)North America, there is

low agreement in future changesidan most studies is lower than yearyear variationgJohnson and

Erhardt 2016; Wang et al. 2020b; Costoya €2@R0; Chen 2020For Brazil, studies show increases

in resourceich areagRuffato-Ferreira et al. 2017; de Jong et al. 20484 for China no robust changes

are identified Xiong et al. 2019)None of he cited studies takes into account the-finale dependence

of wind power on the topography and wind direct{@anz Rodrigo et al. 201,6)r onthe effect of
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expanding wind energy extraction on local and regional clirflatadquist et al. 2019)Iincreasing

extreme wind speeds due to climate change, which can damage wind turbine®draicentified for

some regiongPryor and Barthelmie 2013; Pes et al. 20HQwever, projected changes over Europe

and the contiguous USA are expected to be within the estimates embedded in the design standards of
wind turbinegPryor and Barthelmie 2013)

Temporal changesiiwind power generation can be affected by climate change. Wind generation in
Europe is projected to decrease mainly in summer and autumn, with increases in winter in-northern
central Europe but decreases in the southernmost E(€apealho et al. 2017)fowards 2100, intra
annual variations are expected to increasrost of Europe, except the Mediterean area, especially

for the second half of the 2kentury(Reyers et al. 2016)However, the changes in seasonality
attributed to climate change may reflect natural multidecadal variability, which indicates that there is
still significant uncertiaaty in assessing climate change impacts on temporal variability of wind
generation(Wohland et al. 2019b)Wind speeds may get more homogeneous over large geographical
regions in Europe duto climate change, which means that likelihood of large areas experiencing high
or low wind speed simultaneously may increéSehlott et al. 2018)This indicates less benefits in
transmission of wind generah between countries and can lead to increased system integration costs.
Under the high emission scenarios in Europe, a modest increase (up to 7 %) of backup energy towards
the end of the Zicentury is reporte(Wohland et al. 2017)as countries are more likely to experience
generation shortfall simultaneously. Both increased likelihood for long periods of low wind generation
and increase in seasonal wind variabilitg aeported to cause increase of backup energy and storage
needs in most of Central, Northern and Néftestern Europ@/Neber et al. 2018However(Van Der

Wiel et al. 2019)reports that impact of climate change is substantially smaller than interannual
variability, and no sigificant impact of climate change on the occurrence of extreme low renewable
energy production events in Europe is observed. Other studies suggest that if European power systems
can take into account weather variability in wind power, it can also copehmithte change impacts
(Ravestein et al. 2018Thanges in wind generation iatility caused by climate change are reported
also for the USAHaupt et al. 2016; Losada Carrefio et al. 2048h modest impacts on power system
operation(Craig et al. 2019)

6.5.1.3 Solar Energy

As with wind power, climatehange is not expected to substantially impact solar radiation at the surface
and compromise the ability of solar energy to mitigate climate change. Increases in downward solar
radiation in some models and scenarios are often counterbalanced by deeff@agngy due to rising
surface air temperatures, which show significant increases in all models and scehégios.
confidencg

For solar PV, increases in downward solar radiation will often be counterbalanced by decreasing
efficiency due to rising suste air temperatures, which show significant increases in all models and
scenariogJerez et al. 2015; Bartok et al. 201Ygt the effect of efficiency loss is smaller than what

can be expected from changes in solar radiation and clouds in most regions, and it is possible that future
PV technologies will have improvegkerformance characteristics with respect to their irradiance or
temperature respongkltiller et al. 2019) Climate change projections show decreases in cloud cover

in the subtropics (arourid).05%/year) including SE N. America, wide parts of Europe and China, N.

S. America, South Africa and Australia (medium agreement, mediumneepl&ome of these trends

reflect changes in pollution levels in e.g. India in the emission scelfRuosteenoja et al. 2019)

In terms @& solar radiation for CSP, there are potential for future increases in production in many parts
of the globe, with few exceptions such as the North of I(didgd et al. 2017) In contrast to PV, CSP

output increases with increasing temperatusdsch adds to the increasing solar radiation projected by

the climate models for some regions. Compared to the changes in PV production, the estimated future
production changes by CSP are a factor of 4 Igfy#d et al. 2017)
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When regional analyses are carried out, significant discrepancies among models emergeodaublti
means in regional molieshow trends in surface solar radiatiori 6f60 W/n?t per decade in 2006

2100 over EuropéBartok et al. 2017)Solar PVsupply by the end of this century should be in the range

(1 14%; +2%) compared to those under current climate conditions, with the largest decreases in Northern
countries(Jerez et al. 2015 herefore, despite small decreases in production expected in some parts
of Europe, climate change is unlikely to threaten the European PV sector. Over southern Africa, low
probability of significant canges for solar is four{@ant & al. 2016)

6.5.1.4 Ocean Energy

Ocean energy is a small portion of RE extraction and its vulnerability to climate change will not impact
climate change mitigation. Wave resource is potentially affected by changes in water temperature,
temperature gradientsalinity, sea level and wind patterns. There are also relationships between sea
level rise and increase in tidal renewable en@Rigkering et al. 20179nd also on the optimal location

for tidal energy plant§Souza 2013)Wavetide interaction has clear implications to the combined
hazard of flooding from extreme skavel and waveflewis et al. 2019)

6.5.1.5 Bioenergy

Climate change can affect biomass resource potential directly, via changes in the suitable range (i.e.,
the area where bioenergy crops can grow) and/or changes in yield, and indirectly, through changes in
land availability. Increases in G@oncentréion increase the yield of biomass; changes in climate (e.g.,
temperature, precipitation, etc.) can either increase or decrease the yield and suitablghiginge.
confidencg

Climate change will shift the suitable range for bioenergy towards Higfitedes, but the net change

in total suitable area is uncertginigh confidence Several studies show a northward shifts in the
suitable range for bioenergy in the northern hemisptiarek et al. 2006; Bellarby et al. 2010; Preston

et al. 2016; Barney and DiTomaso 2010; Hager et al. 2014; €Cehah 2018; Cronin et al. 2018b;

Wang et al. 2014a)ut the net effect of climate on total suitable area varies by region, species, and
climate model. For examplBarney and DiTomas(Barney and DiTomaso 2010hd an increase in

the total suitable area for switchgrass inth8.Hager et al(2014)find decreases in the total suitable

area for miscanthus globally; however, in North America, climate change can either increase or decrease
suitable area depending on the climate mddfelng et al(2014a)find decreases in suitable habitat for
bioenergy in the tropics in China, but little change in overall area.

The effect of climate change on bioenergy crop yield will vary across region and feedstdck (
confidenck however, in general, yields will déne in low latitudesrfiedium confidengend increase

in high latitudeslpw confidenci(Haberl et al. 2010; Cosentino et al. 2012; Mbow et al. 2019; Cronin
et al 2018b; Preston et al. 2018)he average change in yield, however, varies significantly across
studies, depending on the feedstock, region, and other factors. For ex@ofze, et al. 2020)find
declines in switchgrass yield in theS, while (Kyle et al. 2014¥how increases in global average yield
for grassy bioeargy cropsMbow et al.(2019)find that global average yields for corn and soybean
decrease with warmindBeringer et al(2011)find increases in net primary productivityr woody
bioenergy crops. Only a few studies extend the modeling of climate change impacts on bioenergy to
guantify the effect on bioenergy deployment or its implications on the energy s{Stévin et al.
2013, 2019; Thornton et al. 2017; Kyle et al. 20T4jese studies find that changes in deployment are
of the same sign as changes in yield; that is, itlgighcrease, then deployment increases.

Some of the uncertainty in the sign and magnitude of the impacts of climate change on bioenergy
potential is due to uncertainties in gfertilisation (Bonjean Stanton et al. 2016; Yalew et al. 2020b;
Haberl et al. 2011; Cronin et al. 2018b; Solaun and Cerda 2Bd9¢xample(Haberl et al. 2011fjnd

that without CQ fertilisaion, climate change will reduce global bioenergy potential by ~16%; with
CO; fertilisaion, climate change increases potential by 45%. Howébetan et al. 2020jind little
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effect of CQ fertilisation on switchgrass yield in thg.S. There is also a large uncertainty across
climate and crop models in the estimate of bioenergy potéHagier et al. 2014}or example(Hager

et al. 2014jind larger differences in the suitable range for miscanthus across climate models than across
emissions scenarios.

6.5.1.6 Thermal power plants

Climate change is expected to reduce the efficiency of thermal generation and increase the risk of power
plant shutdowns during droughts. Additional cooling water needs of carbon capture and storage (CCS)
can increase these riskhigh confidencg

Climate change is expected to impact the operation of thermal power plants, including nuclear,
geothermal, fossil power and bioenergy. Increasing ambient and water temperatures will mean reduced
generator efficiencies due to reduced thermatieficies(De Sa and Al Zubaidy 2011; Cronin et al.
2018a) with 80 % of freshwatecooled thermoelectric plants globally expected to show some reduction

in usable capacitf¥alew et al. 2020b)Droughts decrease potential cooling water for thermal power
plants and increase the probability of water outlet temperatures exceeding regulatory limits, leading to
lower production or even shutdowns. Thermoelectric poweisaiin is reported to be oaverage

3.8% lower during drought yeafsan Vliet et al. 2016¢)with large decreases on usable capacity.
Climate change may reduce the nuclear generation capacity available on hot days due to increasing
water temperatures, with multiple power plants shutting down due to dischater temperatures
exceeding the regulatory limit under strong emissions climate change scenarios reported for Germany
(Koch et al. 2014) Ther moel ectric generation in Europe
warming, with largestmpacts in the soutfiTobin et al. 2018) Thermal generation is expected to
decrease towards 2100 across Eur@enjean Stanton et al. 2016yith plants with once through
cooling consistently projected to see decreased generation, whereas forctlmsedooling no
consistent pattern of impacts can be identified. In the @Siecrease of available thermal capacity is
expected due to climate change, indicating an increased probability of power supply slibtiages

et al. 2017) Curtailments in thermal power plant generation can also bddgi@nal costs to the
electricity marke{Byers et al. 2020)

Carbon capture and storage (CCS) increases coobitey wsage significantly, especially if retrofitted,
with up to 50 % increase in water usage for ¢wall power plants globally, depending on the CCS
technology(Rosa et al. 2020aflimate change and increased cooling water needs due to CCS may
lead to cooling water shortages in the UK by 2(Byers et al. 2016)

Technical solutions for mitigating the impacts of climate change on thermal power plants may be
available by recalculation of cooling capacities on older plants and altering and redesigning the cooling
systemgD. Westlén 2018)however, with possibly very significant costs. Modification of policies and
regulation of water and heat emissions from power plants may also be used &entlitigproblems
(Eisenack 2016; Mu et al. 202@or exampleplantspecific policies on water usage are reported to be
more advatageous than uniform poles (Eisenack 2016; Mu et al. 2020nprovements of water use

and thermaefficiencies and use of transmission capabilities over large geographical regions to mitigate
risks on individual plants are also possible mitigation opt{diara et al. 2017)

6.5.2 Impacts on Energy Consumption

Heating demand is expected to decrease and cooling demand to increase due to climateetentige.
studies project increase in net energy use. Peak load may increase more than energy consumption, and
the changing spatial and temporal load patterns can impact transmission agemeraiting capacity

buildout. (high confidence

Energy demand wilbe impacted by climate change.tWstrong electrification of buildings' energy
use foreseen, power systems are impacted by changes in heating and cooling demand. IEA projects
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cooling to be the fastest growing energy use in build{irgernational Energy Agency (IE2018a)
Decrease in heating demand, especially in cold regions, and increase in cooling demand, especially in
warm regions, is expectdgtfalew et al. 2020b)In earlier studigsthe net effect on glmal level was
expected to be small, due to compensation of decreasing heating demand by increasing cooling demand
(Zhou et al. 2013; Yalew et al. 2020&)owever, recent studsereport larger net impacts, with the
commercial and industrial sectors and strong air condition penetration driving increase in energy
demandDe Cian and Sue Wing 2019;\esque et al. 2018; van Ruijven et al. 2019; Davis and Gertler
2015; Yalew et al. 2020a(lobally, 7 17 % increase in energy consumption towards 2050 is projected
(De Cian and Sue Wing 2019lepending on the climate change scenario; however, declines in
residential demand drives an overall reduction in energy consumption in Edmopddition to
increased electrification, changes in fuel use are expected: residential and commercial sectors are
expected to reduce their consumption of the major heating fuels, petroleum and natural gas, in the
temperate regions; however, in the tropics the use of thekeiuexpected to incread@e Cian and

Sue Wing 2019)Electricity demand is projected to expand weny sector, while changes in natural

gas demand are small and offset one another (increase for industry and decrease for hofyseholds)
Ruijven et al. 2019)

Lower demand for electricity during the cold season and a higher demand during the warm season is
expected to change theasonal load patterfYalew et al. 2020azZhang et al. 2019a)While the
projected effect on European total consumption is nearly zero, the changing spatial and temporal
consumption and peak load patterns can impact transmission andgreakting capacity buildout
(Wenz et al. 2017)Climate extremes are expected to impact beyond the overall change in energy
consumption, with future energy peak demand expected increase more than energy(dalaanet

al. 2020a) Total electricity consumption is expected to increase on average by 20% during summer
monthswhile during winter it is expected to decrease on average by 6 % by the end of the century in
the USA(Ralston Fonseca et al. 2019Yhile the average increase in consumption is modest, climate
change is projected t@be severe impacts on the frequency and intensity of peak electricity load in the
USA (Auffhammer et al. 2017Peak pecapita summertime load is expected to rise by 41%% by
mid-century in the USABartos et al. 2016Efficient cooling technologies can be igi#d in limiting

the rise in cooling energy peak log@2reyfus et al. 202Q(IEA 2018b)

6.5.3 Impacts on Power System Vulnerability

While longterm trends are important for electricity system planning, gbami effects associated with

loss of power can be disruptive and lead to large economic losses along with cascadingndfésadth o

and safety. Extreme weather threatens overhead lines, supporting ICT systems, and network
infrastructure Rising sea levels may pose significant risks to coastal or riverside power system
infrastructure. It is recogsed that these risks compouimda complex way, for example when lightning

and high winds occur simultaneously, and the corresponding impacts and severity are not fully
understood.

Extreme weather and storms manifest as threat vectors to all aspects of the power system in different
ways, which affect system resilience, reliability, and adequacy. These terms correspond to different
aspects of power system security, but at a high level can be understood as the ability of the power system
to provide power to customers as required or exoegiven different operational conditions.

Climate change will affect both the frequency and intensity of extreme weather (Samtsiratne et

al. 2012)andthe effect of climate change on power system vulnerability will depend on the degree to
which climate alters the frequency and intensity these ev€iitaate change will affect both the
frequencyand intensity of extreme weather evef&gneviratne et al. 2012ndthe effect of climate
change on power system vulnerability will depend on the degree to which climageladt&equency

and intensity these events.
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High wind speedsan shear lines through mechanical failure, or cause lines to collide with each other
causing transient eventdigh winds can also lead to disconnections of demand on weaker networks,
resultingin customer interruptionwith extreme winds. Hurricane conditions can damage wind and
solar PV infrastructurdn windy periods, the system may simultaneously be experiencing high demand
at a time when lines are particularlyregk from mechanical faike from wind and storm related effects.
However, except for medium evidence of increases in heavy precipitation associated with tropical
cyclones projected to be higher at 2°C compared to 1.5°C global warming, there is limited evidence
that extreme wind e@nts will increase in frequency in the futgmeedium confidenge

Wildfirespose a significant threat to power systems in dry periods and in arid régian%t al. 2019)

With climatechange, the threat of wildfire to transmission systems is likely to increase, but this threat
needs to be better understood and quantified so remedial action can be taken to avoid the widespread
power outages and socioeconomic damage being seen in plabhessCalifornia. Wildfires are likely

to become more freque(ilannigan et al. 2012)nd more difficult to adess given they coincide with

periods of dryness and can be exacerbated by high winds, and this too compounds other emergent risks
on the power systeliitchell 2013)

Lightning can cause wildfires or commanode faults on power systems associated with falling
vegetation should it strike near power system assets such as substations or overhead lines but is more
generally associated with flashovarsd overload§Balijepalli et al. 20058)Climate change can change

the probability of lightningrelated events, as there is physically more energy in the atmogRberps

et al. 2014) Given the links between wintlated faults, lightningelated faults, and wildfires, it is
reasonable to conclude that the threats posed by lightning to power infrastructure are only going to
increase goingdrward. This may manifest as transient faults due to lightning or damage caused by
wildfires, both of which are likely to increase due to climate change across the globe.

Snow and icingcan impact the security of overhead lines by weighing down lines detmir
mechanical limits, leading to collapse and cascading ou{&geg et al. 2015Snow can also lead to
flashovers on lines due to wet snow accumulation on insul@tajiset al. 2014) Global warming may
mean lower risk of problematic snow and ice conditions in countries such as tfildda@oll et al.
2012) However, there is still an undiging risk of acute cold conditions such as those associated with
winter storm known as the Beast from the EBstwkins 2019)

Flooding presents as a threat to the transmission system by inundatidgingwsubstations, which

affects both the ability toadiver power to customers connected behind the substation and the ability to
route power around the power system via these stations depending on how they are connected, and
restoration can be particularly challengirgoastal flooding also poses a threatpower system
infrastructure. The vulnerability of US generation plant, for example, to sea level rise is examined in
detail in(Bierkandt et al. 2015Flooding and highwater flow from rurof-river sources can also impact

hydro generation through increased sediment load and potentially by restricting the ability to release
water fromreservoirs Although the average levels of precipitation may fall, particularly in summer,
power systems may still be vulnerable to extreme autumn and winter storm events. Furthermore, rising
sea levels, as identified (Entriken and Lordan 2012nay also pose significant risk for coastal power
systems. As Fuku@ia (Steinhauser et al. 201#dlustrates, coastal flooding of power stations can have
severe and lontasting effects causing not only massive loss of generating capacity but severe
socioeconomic and health impacts, as well. HurdcKatrina illustrated the potentially calamitous
effects of flood defense failure and such risk and its impact on the power system is difficult to quantify
(Ji and Wei 2015)Given the tendency of major developed cities to be in coastal oadj@rent areas

this is a severe threat thaieds to be moraufly understoodBierkandt et al. 2015; Entriken and Lordan
2012) As FukushimgSteinhauser et al. 201dlustrates, coastal flooding of power stations can have
severe and lontasting effects causing not only massive loss of generating capacity but severe
socioeconomic and health impacts,vesl. Hurricane Katrina illustrated the potentially calamitous
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effects of flood defense failure and such risk and its impact on the power system is difficult to quantify

(Ji and Wei 2015)Given the tendency of major developed cities to be in coastal oladyerent areas
this is a severe threat that needs to be more fully understood.

Thermal effectsfluence electricity load prdés, as mentioned Bection6.5.2 Ambient temperatures
can also significantly affect the generation portfolio available, as wefpotsntially impacting

supporting ICT infrastructureHeat can pose a direct risk to power system equipment such as

transformers. Referred to as solar heat fgiisColl et al. 2012)they occur under conditions of hig

temperatures and low wind speeds and can be exacerbated by the urban heat island effect. Climate
change may affect system adequacy by reducing electric transmission capacity due to increasing

temperatures, which can happen simultaneously with increasakl lpad due to increased air
conditioning(Bartos etal. 2016)

Box 6.4 Impacts of Energy Systems on Local Climate

This section has described the possible consequences of climate change to the production of energy and

to the transmission of electricity. However, the opposite is also possible. That is, that th
development of the use of energy derived from rentwsdurces could alter future climate.

Solar energyThe question of whether largeale solar PV power plants can alter the local and regjonal
climate has been addressed with observations and model simulations. In the rural environment and at

the local sale, largescale PV deployments can alter the radiative balance at the satfagspher
interface, they can exert certain impacts on the temperature and flow(Tields2013)Measurement
at an experimental site in Arizona, USA show considerable warmidg@3wvarmer at night than over

wildlands) from the PV panels. In contrast, in urban settings, solar PV panels on roofs provide g cooling
effect(Ma et al. 2017; Taha 2013} the regional scale, modelling studies have also shown cooling in

urban areas (0.10.53°C) and warming in rural areas (up to 0.27(@jlIstein and Menon 2011)
Global climate model simulations {iHu et al. 2016showed that solar panels alone induce regional

cooling by converting inaoing solar energy to electricity. However, the conversion of this electricity
to heat, primarily in urban areas, increases regional and global temperatures which compensate the

cooling effect. The depiction of the alteration of the surface energy bataRtegower plants is rather
simplistic in these models and need to be taken with caution.

Wind EnergySurface temperature changes in the vicinity of wind farms have been dé€¥@atetal.
2019; Smith et al. 2013; Lee and Lundquist 2017; Takle et al. 2019 form of nighttime warming.

From data from field campaignppréssisomwac mohigngan
a warming procesgTlakle et al. 2019)Regional and climate models have been used to describe the

interactions between turbines and the atmosp{Maatard et al. 2014)More sophisticated models

confirm the local warming effect of wirfdrm operation, but report that the impact on the regional|area

is slight and occasiondWang et al. 2019d)From a physical perspective, wind turbines alter|the

transport and dissipation of momentum near the surface, but do not directly impact the energy balance

of the Earth as is done by the addition of greenhouse gases.

Hydropower.The potential climate impacts of hydropower concentrate on the GHG emissions from
organic matter decomposition when the carbon cycle is altered by the flooding of the hydroelectric

power plant reservoilOcko and Hamburg 2019MHowever, it is pointed out that these impacts vary
greatly among facilities and over time.
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6.6 Key Characteristics of NetZero CO2 Energy Systems

6.6.1 Whatis a NetZero Energy System?

Limiting warming to 1.5 °C or well below 2 °@|timately requires that C&&missions from the energy

sector be reduced to near zero or even below zero.). Policies, technologies, behaviors, investments, and
other actions today will determine the speed at which countries are able to transform their energy
systems to those that drittle or no CQ or that might even remove emissions from the atmosphere.

An understanding of these future energy systems is valuable to chart a course toward them over the
coming decades.

This section synthéses current understanding oktzero enery systems. The subsequent section
(Section 6.7) discusses pathways toward and beyond thezeraetnergy futures. A useful starting
point is to consider energy systems associated witheretCQ emissions across the whole economy.
The net zero, economyide CQ framing has become increasingly salient in lbegn planning
documents. Discussions surrounding efforts to limit warming are now frequently communicated in
terms of the point in time at which net anthropogenic; €@issions reach zero, accompmhiby
substantial reductions in ngO, emissiongIPCC 2018) This economywide CQ goal also appears
in many government and company decarkgion strategiesthough it is used in a variety of ways
(Levin et al.2020) Most existing carbomeutrality commitments from countries and sational
jurisdictions aim for economies with very low emissions but arezgwo, as offsets, carbon dioxide
removal (CDR) methods, and/or land sink assumptions are used to achieeeorgmals.

A precise description of a neero energy system is comqaied by the fact that different scenarios
associate different future G@missions to the energy system, even at the point when ecenici@y

CO; emissions reach net zero, as well as the dependence of system configuration on population growth
and technologal chang€Rogelj et al. 2015a)lhe energy system is not thely source or sink of CO
emissions. Terrestrial systems may store or emit carbon, and engineered CDR options can be used to
store CQ, relieving pressure on the energy system (see Chapter 3). The location of engineered CDR is
also ambiguous, as it mighé deployed within or outside of the enesggtor Figure6.21), and many

CDR options, such as direct air capture, would be important energy usertheugh they do not
provide energy services. In other cases, if CDR methods are deployed outside of the energy system
(e.g., net negative agriculture, forestry, and land usee@ssions), it is possible for the energy system

to still emit CQ even whileeconomywide emissions are zero or below. When global energy and
industrial CQ emissions reach net zero, the space remaining for fossil energy is determined by the
degree of negative emissions deployed, which can come from options such as bioenergsbaiith ¢
capture and sequestration (BECCS) and direct air capture)((PAgLire6.21).

For the purposes of the assessment in this section, we focus gy systems that produce redro

COz emissions. While these systems may not correspond directly to the point at which overall economy
wide CQ emissions reach net zero, they are nonetheless a useful benchmark for planning. Note that the
focus here is on engy systems with netero CQ emissions from fossil fuels and industrial processes.

It is anticipated that important efforts will be made to reduce emissions €€@pamissions as well,

but this aspect ofetzeroenergy systems is not discussed insgkistion. Also note that, when emissions

reach net zero globally, the energy sector in many countries does not reach net zero levels, as illustrated
in the regional scenario resuilisFigure6.25.
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Figure 6.21 Residual and negative emissions when global energy and industrial @&missions reach net
zero.Residual and negative emissions in n&ero scenarios show global differences across warming levels.
DAC is included in energy sector emissions. Points represent different models and scenarios from the
I PCC fAGlI obal War mi ng o f(Hudpmdnn ¢k &.2018) i pacir caise, tha horethans e
the 25th to 75th percentile ranges for the 177 scenarios, and whiskers show the 5th and 95th percentiles.
Lines and circles within the boxes denote the median and mean values, respectively.

6.6.2 Configurations of Net-zero Energy Systems

Configurations ohet-zeroenergy systems will vary by region but are likely to share several common
characteristicshigh confidence Netzero energy systems could involve a range of configurations,
which entail tradeoffs across economic, environmental, and social dimes¢Davis et al. 2018a)

Many socioeconomic, policy, and market uncertainties will also influence the configuratiorzefoet
energy system@/an Vuuren et al. 201Brey et al. 2019 Bistline et al. 2019 Smith et al. 2016)As
discussed in Section 6.6.5, there are many reasons that countries might focus on one system
configuration versus another, including cost, resource endowments, related industrial bases, existing
infrastructuregeography, governance, public acceptance, and other policy priorities.

Types of neizero energy systems are still emerging in modeling studies and have not been clearly
detailed in most countrgpecific pledges or in the detailed systems modeling literatReports
associated with netero economywide targets for countries and subnational entities typically do not
provide detailed roadmaps or modeling but discuss-leigdl guiding principles, though more detailed
studies are emerging (e.gGapros et al. 2019Analysis has focused on iddying potential
decarboisdion technologies and pathways for different sectors, enumerating opportunities and barriers
for each, their costs, highlighting robust insights, and charsicigikey uncertaintiefHepburn et al.
2019;Davis et al. 2018)The literature on netero energy systems is limited in a few respects. On the
one hand, there is a robust integrated assessment literature that provide®ndaticas of these
systems in very broad strokes (AR6 database), offering internally consistent global scenarios to link
global warming targets to regional/national goals through their global scope and longer time horizons.
All integrated assessment seens that pass through net zero energy sectereéd@issions provide
high-level charactaesations of those systems. However, because these ch&awas operate at a

high level, they do not consider the complexities of the many system interactioastyutdture needs,

policy implementations, associated scaling challenges, and societal factors that could ultimately
influence what system might be most appropriate for any country. While valuable in highlighting key
themes, global integrated assessmendetso do not have the temporal, spatial, technological,
regulatory, and societal details that are necessary to more concretely identify regional, national, or local
pathways. Literature that takes a more granular view is more limited Qauis et al. 2018)although

there is an increasingly abundant literature on particular aspects of potenrgatmenergy systems,

most notably decarbased electricity systems (see Section 6.6.2.2), and @eswr linkages (see
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Section 8.2.6). While the literature onetzeroenergy systems is diverse, it is also true that a number
of common characteristics emerge from acrosspheesof existing literatur@-igure6.22). We focus
on those common characteristics in the remainder of this subsection.
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Figure 6.22 Characteristics of global netzero energy systemsScenarios reaching nezero emissions show
differences in residual emissions and carbon removal (a), energy resources (b), electrification (c), energy
efficiency (as measured here by energy/GDP) (d), arissions trajectory (e), particularly with respect
to warming |l evels (blue = <1.5eC, green = <2.0eC, or
with probability density distributions shown along each axis for each warming level (colors
corresponding to warming levels) and for all scenarios (black). Points represent different models and
scenarios from the | PCC @GI obal(Huipmanmetal.g018)f 1.5 ACO

Box 6.5 Common Characteristics ofNet-zero Energy Systems

O«

Limited and targeted use of fossil fuels

Zero or negative C@emissions from electricity
Widespread electrification of end uses

Alternative fuels in hardo-decarborse sectors

More efficient use of energy than today

Greater reliance on imigrated energy system approaches
Use of carbon dioxide removal (CDR) technologies.

O¢ O« O¢ O¢ O¢ O«

6.6.2.1 Limited and/or Targeted Use of Fossil Fuels

Net-zero energy systems willse far less fossil fuels than todéyigh confidence The precise
guantity of fossil fuelsvill largely depend upon the relative costs of such fuels, electrificatiod CDR

in the energy systeithigh confidenck All of these are affected by regional differences in resources
(e.g.,McGlade and Ekins 2015jemand for energy services, and climate and energy policies. Fossil
fuel use may persist, for example, if and where the costs of such fuels and the compensating carbon
management (e.g., CDR, CCUS) are less tharfossil energy. For most applications wever, it is

likely that electrification (e.gMcCollum et al. 2014Madeddu et al. 202@hang and Fujimori 2039

or use of noffossil sources of fuels (e.gZeman and Keith 200&raves et al. 201Hanggi et al.
2019)will prove the be the cheapest optioResidual demand for fossil fuels ikdly to predominantly

be petroleum and gas given their high energy de(i3dyiset al. 2018k)demand for coal in netero
energy systems is likely to be very lofuuderer et al. 2018lakob et al. 202(igh confidencke

There is considerable flexibility regarding the overall quantity of liquid and gaseous fuels that will be
required in nekero energy system&igh confidence(Figure6.22). This will be determined by the
relative value of such fuels as compared to systems which rely more or less heavily@mizsions
electricity. In turn, the share of any fuels that aresifay fossitderived is uncertain, and will depend

on the feasibility of CCUS and CDR technologies and{@nm sequestration as compared to carbon
neutral fuels. Moreover, to the extent that physical, biological, and/or-potiwal limit the
availablity of CDR (e.g.,(Smith et al. 2015Field and Mach 2017rarbon management efforts may
prioritiseresidual emissions related to land use and otheienergy sources.

6.6.2.2 Zero or Negative CO2 Emissions from Electricity

Netzero energy systems will rely orechrboised or netnegative CQ@ emissions electricity
systems, due to the many lowagst options for producing zexarbon electricity and the important
role of enduse electrification in decarbising other sectordigh confidence

There are many possib®nfigurations and technologies for zeoy netnegativeemissions power

systems lfigh confidence These systems could entail a mix of variable renewables, dispatchable
renewables (e.g., biomass, h-¢dmapd-eapanlpenevalanher f i
(e.g., nuclear, CG8quipped capacity), energy storage, transmission, carbon removal technologies
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(e.g., BECCS, DAC), and demand managen(iBistline et al. 2018Jenkins et al. 2018&;uderer et al.

2017) Marginal abatement costs increase as systems approach 100 percent aeiaromhich

means that a range of technologies might be-efbsttive in reacing CO, emissions targets and
broader sustainability goals while lowering cqgtsyadev et al. 2028istline et al. 2018Mileva et al.
2016;Sepulveda et al. 2018Key factors influencing the technologyxould include relative costs

and system benefits, local resource bases, infrastructure availability, regional integration and-trade, co
benefits, societal preferences and other policy priorities, all of which vary by country and region (see
Section 6.61). Many of these factors depend on when thezaest point is reached, which can vary
significantlyFigure6.22 Characteristics of global neero energy systemScenarios reaching neero
emissions show differences in residual emissions and carbon removal (a), energy resources (b),
electrification (c), energy efficiency (as measured here by energy/GDP) (®nassions trajectory

(e), particularly with respect to warming | evel
represent individual scenarios, with probability density distributions shown along each axis for each
warming level (colors corsponding to warming levels) and for all scenarios (black). Points represent

di fferent models and scenarios from tHuppmanBCC A Gl
et al. 2018)Figure6.22 panel e).

Based on their increasing economic competitiveness, variable renewable energy, especially wind and
solar power, will likely comprise large shares of many regional generation nhigisconfidenck
(Figure6.22). While wind and solar will likely be prominent electricity sources, this does not imply that
100% renewable energy systemdl be pursuedunder all circumstances, since economic and
operational challenges increase nonlinearly as shares approach 100 (Roxe®i6) (Bistline and

Young 2019 Shaner et al. 2018 rew et al. 2016Jmelda et al. 2018)Reatworld experience is
accumulating with planning and operating regional poweesys with high instantaneous and annual
shares of renewable generation. But debates continue about how much wind and solar might be optimal
for different systems and the caxffectiveness of different mechanisms for managiagability (See

Box 6.6) Either dispatchable generation or seasonal energy storage (alongside other balancing
resources discussed Box 6.6)will be needed to ensure reliability and resource adequacy with high
percentages of wind and soldefikins et al. 201&)owling et al. 202Q)though each option involves
uncertainty about costs, timing, and public acceptéltertus et al. 2020)

Power systems require a range of different functional iiofes example, providing energy, capacity,

or ancillary services. This is another reason that a range of different types of generation, energy storage,
and transmission resources may be deploy¢iddse systems. There are many options for each of these
roles, each with their strengths and weaknesses (see Section 6.4), and deployment of these resources
will be influenced by the evolution of technological costs, system benefits, and local re¢verrss

et al. 2019Mai et al. 2018Bistline et al. 2018Hirth 2015;Fell and Linn 2013)

System management is critical for zesonegativeemissions power systems and should be considered

in planning them and integrating with broader-neto energy systems. Maintaining reliability will
increasingly entail system planning and operations that account for characteristics of andply
demandside resource@Hu et al. 2018)Coordinated planning and operations Viklély become more
prevalent across portions of the power system (e.g., integrated generation, transmission, and distribution
planning), across sectors, and across geogragBisiine and Young 2019Chan et al. 2018
Konstantelos et al. 201EPRI 2018)

Energy storage will be increasingly important in-reto energy systems, especially in systems with
high variable renewable enerdyidh confidence Deployment of energy staga will vary based on
the system benefits and values of different optigiribabzadeh et al. 201®enholm and Mai 2019;
Denholm and Mai 2019 Diurnal storage options like lithitiion batteries have different value than
storing and discharging electricity over longer periods throughdirgfion energy storage with less
frequent cycling, which require different technologies, supporting policies, and business (@Gatlels
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et al. 2016Albertus et al. 202Mlanco and Faaij 201{¥ee Section 6.4).he value of energy storage
varies with the level of deployment and on the competitiveness of economic complements such as
variable renewable@Bistline and Young 2020ylileva et al. 2016and substitutes such as flexible
demandBrown et al. 2018Merrick et al. 2018)transmissiorfMerrick et al. 2018Brown et al. 2018;

Bistline and Young 2019bSchlachtberger et al. 201 7rade (Bistline et al. 202Q) dispatchable
generatorgHittinger and Lueken 201%3ils et al. 2017Arbabzadeh et al. 2019DAC (Daggash et al.

2019) and efficiencies in systeoperationgTuohy et al. 2015)

The approach to hattb-decarboise sectors could impact power secttaiming, and the role of some
technologies (e.g., hydrogen, batteries, CCUS) could depend on deployment in other sectors. CCUS
offers opportunities for negative emissions when fueled with syngas or biomass containing carbon
captured from the atmosphdidepburn et al. 2019however, concerns about lifecycle environmental
impacts, unertain costs, and public acceptance are potential barriers to widespread deployment
(Section6.4.2.5. It is unclear whether negative emissions tettgies like BECCS will be included in

the electricity mix to offset continued emissions in other parts of the energy system or thexdmrdr

et al. 2018Bauer et al. 2018ylac Dowell et al. 2017Hardto-decarborise applications may also rely

on powerto-X electricity conversion to create leamissions synthetic fuels (see Sectio6.26),

which could impact power system planning and operatidaditionally, if DAC technologies are used,
electricity and heat requirements to operate DAC cadmidact power system investments and
operationgRealmonte et al. 2019)

High-fidelity models and aalyses are needed to assesetimomic and environmental characteristics

and the feasibility, of netero or negative emissions electricity systdnigd( confidence(Bistline and

Blanford 2020;Blanford et al. 2018)Evaluating the competitiveness of power sector technologies
requires temporalspatial, and technological detail that are represented with higher fidelity in
national/regional electric sector and energy systems models than in global integrated assessment models
(Bistline, et al. 2020;Helistoe et al. 201 ollins et al. 2017Cole et al. 2017Santen et al. 2017)

Box 6.6 100% Renewables in NeZero Energy Systems

The decreasing cost and increasing performance of renewables, along with their lack of fuel and lower
waste, has generated interest in the feasibility of providing all, or nearly afgyeservices with
renewables. Renewables include wind power, solar power, hydroelectric power, bioenergy, geothermal
energy, tidal power, and ocean power.

Although there are debates about how much wind and solar is economic under different conditjons and
which mechanisms would be feasible to facilitate integration, it is technically feasible to use very high
renewables shares (e.g., above 75% of annual regional generation) to meet hourly electricity] demand
under a range of conditionsigh confidence An emerging question is whether it is feasible to produce

all electricity using renewable sources. There are currently many grids with high renewable shares and
large anticipated roles for variable renewables, primarily wind and solar (see Section @#é)en f
low-carbon power systems). High wind and solar penetration involves technical and ecpnomic
challenges due to their unique characteristics such as spatial and temporal variabilitanshlorig
term uncertainty, and nesynchronous generatiofCole et al. 2017)which become increasingly
important as renewable shares approach 100%. To manage these issues, studies indicate roles for larger
installed system capacity, including intentional curtailment, substantial asnoti@nergy storage,
expanded transmission and balancing aizg and increased flexibility in both generation and lpad
responsiveness, among other approathasins et al. 20184ai et al. 2018Milligan et al. 2015) An
increasingly large set of studies examines the feasibility of high renewable penetration and economic
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drivers under different policy, technology, and market scenaBislile and Young 2033Hansen et
al. 2019 Jenkins et al. 201& ochran et al. 2014)

There are many balancing options in electricity systems with vghyrenewable shares including:

~

0 Energy storage:Energy storage technologies like batteries, pumped hydro, and hyd
can provide a range of system servic@Balducci et al. 2018Bistline, et al.2020)
Lithium-ion batteries have received attention as costs fall and installations increa:
very high renewable shares typically entail either dispatchable generation or se
storage(Arbabzadeh et al. 2018atsuo et al. 202Q)Jenkins et al. 2018Energy storge
technologies are part of a broad set of options (including synchronous conde
demandside measures, and even inveliased technologies themselves) for provid
grid servicegEPRI 2019Castillo and Gayme 2014)

0 Transmission and trade:To balance differences in resource availability, studies of |
renewable systems also typically entail investments in transmission cdgagipa et al.
2019 PleBmann and Blechinger 20MMacdonald et al. 2036ai and Et 42014 and
changes in trad@istline et al. 2020Abrell and Rausch 2016]hese increases are ofte
accompanied by expanded balancing regions to take advantage of geogr:
smoothing.

0 Dispatchable (-hemando) g ®ispatchabte i generation could incluc
flexible fossil units with lower minimum load leve[Bistline et al. 2019Denholm et al.
2018) renewables like hydropower, geothermal, or biom&sgh 2016) or flexible
nuclear(Jenkins et al. 2018aThe composition depends on costs and other policy g
though in all cases, capacity factors are low for these resdiMiisset al. 2020)

0 Demand management:Many lowemitting and highrenewables systems also utilic
increased load flexibility in the formsf energy efficiency, demand response, dem:
flexibility, and sector couplinmelda et al. 2018ale 2017Merrick et al. 20188rown
et al. 2018Ma et al. 2013)

0 Sector coupling: Sector coupling includes increased ers# electriftation and power

to-X electricity conversion pathways (see Sections 6.4.3, 6.4.4, and 6.4.2.6).

Deployment of integration options depends on their relative costs and value, as well as regulat
power market design. There is considerable uncertaimbyit future technology costs, performan
availability, scalability, and public acceptan@éondziella and Bruckner 201@®istline and Young
2019a) Deploying balancing resaees likely requires operational, market design, and g
institutional changes, as well as technological changes in somgCasésan et al. 2014Mixes will

differ based on resources, system size, lfiéty, and whether grids are isolated or interconnected

Although there are no inherent upper bounds on renewable electricity penetration, the econon
of additional wind and solar capacity typically decreases as their penetration rises due rtiedowee
value and integration costs, creating economic challenges at higher deploymenfViésetset al.
2017;Gowrisankaran et al. 201Btirth 2013;Ueckerdt et al. 2013)r'he integration options above,

ions and
ce,

ther

nic value

as

well as changes to market design, can mitigate thesewges but likely will not solve them, especially

since these technologies can exhibit declining value themg&eatolm and Mai 201®Bistline 2017;
De Sisternes et al. 201@nd may be complements or substitutes to each other. Additio
decarborisdion approaches outside of the electric sector could have important implicatiqosvier
sector planning and renewable integration strategies (Secti@®b{.4.

100% renewable energy systems (not only the power sector) will likely not baicasising solutions
and raise a range of technological, regulatory, market, and operatiatiahges lligh confidence
Beyond electricity, a broader question emerges regarding the attractiveness and variability of s

nally,

Lpplying
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all energy, and not just electricity, with renewablEg@re 6.22). Integrated assessment and ene
systems research suggest large roles for variable renewables and energy storage, but e
electricity shares are far from 100%, even with stringent emissions reductions targets and o
assumptions about futel cost reductions (SR15 databddantington et al. 202Qlenkins et al. 2018k
Bauer et al. 2018istline et al. 2018)Very high renewable and electrification energy systems €
technical and economic challenges as shares approach 100%. Scenarios with 100% renewal
systems are an emerging subset in the decesdbiam literature, especially at regional lev@fansen
et al. 2019) Many studies focus on electrification as an-esd decarbasation strategy and do nc
consider significant contributions from liels or other renewable fuglBauer et al. 2018a)rhese
studies typically assume a constrained set of available technologies to demonstrate the

feasibility of very high renewable systems and are not agitignto find leastost, technologyeutral
decarboisdion pathways(Jenkins et al. 2018h)Deep decarbdsaion analyses, including muit
model comparison studies with detailed models of energy system investments and operatio
indicate large roles for variable renewables, but least pathways for meeting emissions reduc
targets arely suggest near 100% renewabl€gyre 6.22) unless optimistic assumptions abg
integration challenges are combined with pessimistic assumptiang alernativegJenkins et al
2018b;Bistline et al. 2018)The 100% renewables literature assumes (implicitly or explicitly)
factors beyondost and emissions attributes will drive portfolio selection. Although many studie
100% renewable systems technically conceivable, economic and operational challenges

nonlinearly as shares approach 100 per(®istline and Young 2019amelda et al. 208; Shaner et
al. 2018;Bistline 2017;Frew et al. 2016)In addition to variable renewables, studies broadly agree
including additionalow-, zere, and negativC O, technologied including dispatchable renewabl

rgy
nergy and
ptimistic

ntail
Dle energy

—

echnical

ns, often
ion

put

that

s find
increase

» that
S

(e. g., bi omass, geot her mal ,
(e.g., nuclear, hydrogen, C&Suipped capacity), energy storage, trandonsscarbon remov
technologies (e.g., BECCS, DAC), and demand manageimeant lower the cost of decarhisaion
even with very high shares of wind and solar, but there is disagreement about the magnitud
savings from larger portfolios, which dems on contextand scenari@pecific assumptions abo

technologies, markets, and policiggappa et al. 201Bistline and Young 2019&epulveda et al.

2018;Hirth 2015;Matsuo etal. 2020; Bistline and Blanford 2020)

¢ daa p—ﬁayhenrg@wwatiﬂﬂ her

e of cost
Ut

6.6.2.3 Widespread Electrification of End Uses

Net-zero energy systems will rely mohneavily on increased use of electricity (electrification) in end
uses Ligh confidence The literature on netero energy systems almost universally calls for increased

electrification as a core decarlsation strategyWilliams et al. 2012Sugiyama 2012Villiams et al.
2014;Rogelj et al. 20155achs et al. 201&Kriegler et al. 2014Sven et al. 2018;uderer et al. 2018

Schreyer et al. 2020At least 30% othe global final energy needs are expected to be served by

electricity, with some estimates suggesting upwards of 80% of total energy uselbeinfied Figure

6.22, panel §. Increased electrification for a broad set of-esds is possible, and especially valuable

in netzero energy systems due to the relative ease of decsirtgpelectricity generatimor creating

netnegative emissions in electricity generation (see secti®@.B). Flexible electric loads (electric

vehicles, smart appliances) are in turn expected to facilitate grid deisztloon by mitigating
renewable integration challenges.

Seveaal enduses such as passenger transportation {tigtyt electric vehicles, two and three wheelers,
buses, rail) as well as building energy uses (lighting, cooling) are assumed to be electrified in virtually

all netzero energy systemhi@gh confidence Variations largely result from differences in the abil
and costtompetitiveness of electricity to serve other end uses such amihdreight transport,
aviation, and heavy indust(ilcCollum et al. 2014Breyer et al. 201Bataille et al. 2016PRI 2018}

also see Section®2. 4) , especially relative t o (®achsétal
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2016;Rockstrom et al. 201 M cCollum et al. 2014)the prospects for which are still quite uncertain
(see Section 6.4).The emergence of negativestonis technologies and the extent to which they allow
for residual emissions as an alternative to electrification will also affect the overall share of energy
served by electricity (se®ection 66.2.7).

Regions endowed with cheap and plentiful Hoarbonelectricity resources (wind, solar, hydropower)
will favor electrification, while those with substantial bioenergy production or availability of other
liquid fuels might put less emphasis on electrification, particularly in-twedectrify enduses
(medum confidenck For example, among a group of Latin American countries, relative assumptions
about liquid fuels and electricity result in an electrification range of 28% to 82% for achieving a net
zero energy syster(Bataille et al. 2020)Similarly, the level of penetration of biofuels that can
substitute for electrification will depend on regional circumstances such asidandonstraints,
competitionwith food, and sustainability of biomass production (see Sectth)6.

Electrification of most buildings services, with the possible exception of space heating in extreme
climates, is expected in neero energy systemsigh confidenck (See Buildingschapter). Space
cooling and water heating are expected to be largely electrified. Building electrification will lower
emissions both through reduced thermal requirements and higher efficiencies, and the role of heat
pumps is significan{Mathiesen et al. 201Rissman et al.20205ven et al. 2018)The level of
electrification will depend on theadeoffs between household level heat pungusus district heating
options(Mathieseret al. 2015Brown et al. 2018)as well as the cost and performance of heat pumps

in more extreme climates and grid infrastructi#gPR1 2018 Waite and Modi 2020)

A significant share of transportation, especially road transportatiexpésted to be electrified globally

in netzero energy systemfigh confidence In roadtransportation, twdhree wheelers, ligkhduty

vehicles (LDVs), and buses, are especially amenable to electrification, with more than half of passenger
LDVs expectedo be electrified globally in netero energy systemmeédium confidengdFulton et al;

2015 Bataille et al. 2020Sven et al. 20L8&halili et al. 2019. Due to increasing demand for road
freight transport, emissions reductions without modal shifts will be challef@ergara and Longden
2017;Sven et al. 2018Muratori et al. 2017)Due to the relative ease of rail electrification, almost
complete electrificton of rail and shifting air and truck freight to rail is expected to play a role in
achieving net zero emissiofRockstrom et al. 201 Fulton et al2015 Sven et al. 201& halili et al.

2019. The overall levels of modal shifts and electrification will depend on local factors such as
infrastructure availabilit and location accessibility. Due to the challenges associated with
electrification of some transport modes, some studies show residual emissions associated with the
freight sector that are offset through negative emissions technolddigatori et al. 2017¢)or reliance

on lowand zerecarbon fuels instead of electrification. Lehgul trucks, large ships and aircrafts are
expected to be harder to switch to electrification, so the expected share of electricity serving these end
uses directly will be relatively low absent techogital breakthroughs (Fulton et 2015 Mathiesen

et al. 2015)

A nontrivial number of industry applications could be electrified as ag¥a netzero energy system;
however, direct electrification of heavy industry applications such as cement, primary steel
manufacturing, and chemical feedstocks is expected to be challengidgi(n confidendgDavis et

al. 2018;Madeddu et al. 2020nlso see Section@2.4). Electrification of process and boiler heating

in industrial facilities is expected to play an early role in decashaton efforts for industry. Cement

and concrete production can be made less emissions intensive threuggetbf electrified cement
kilns; similarly, emissions associated with steel production can be reduced through the use of an electric
arc furnace (EAF) powered by decarlsad electricity(Rissman et al2020). Electricity can also be
used to replace thermal heat such as resistive heating, electric arc funthleeeasinteringRissman

et al.,2020 Madeddu et al2020) Based on a study of the European industrial sector, as high as 60%
of the energyend use in industry could be met with direct electrification using existing and emerging
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technologies(Madeddu et al. 2020)he total level of industry electrification for different regions will
depend a the economics and availability of alternative emissions mitigation strategies such as carbon
neutral fuels and carbon capture and sequestrddiavis et al. 2018viadeddu et al. 2020)

6.6.2.4 Alternative Fuels in Hardto-Decarbonse Sectors

Net-zero energy systems will need to rely on alternative fuetgably hydrogen or biofueisin several

sectors that are n@menable to electricity and otherwise hard to decasbgmedium confidenge

Useful hydrocarbons (e.g., methane, petroleum, methanol), hydrogen, ammonia, or alcohols can be
produced with nezero CQ emissions and without fossil fuel inputs. For examipdejd hydrocarbons

can be synthésed via hydrogenation of nefossil carbon by processes such as Fis@nepsch(Mac

Dowell et al. 2017pr by conversion of biomag$ilman et al. 2009)The resulting energglense fuels

can serve applications that are difficult to electrify, such as-dtistgnce freight, log-haul aviation,

and hightemperature industrial heatiiavis et al. 2018NAS 201§. But it is nd clear if and when

the combined costs of obtaining necessary feedstocks and producing these fuels without fossil inputs
will be less than continuing to use fossil fuels and managing the related carbon.

CO; emissions from some energy services are expéotbd particularly difficult to costffectively

avoid, among them aviation; loftistance freight by ships, trains, and trucks; process emissions from
cement and steel production; hitgmperature heat (e.g., >1000°C); and electricity reliability in

systens with high penetration of variable renewable energy so(ass et al. 2018Luderer et al.

2018 (Chiaramonti 2019Sepulveda et al. 2018ataille 2020 Rissman et al.2020) The literature

focused on these servicasdasectors is quite limited, however, and provides minimal guidance on the

most promising or attractive technological opt i
Moreover, many of the technologies mentioned in the literature are prohibiixeénsive, exist only

at an early stage, or are subject to much broader concerns about sustainability (e.g., (afuisle}

al. 2018a)

Liguid biofuels talay supply about 4% of transportation energy worldwide, mostly as ethanol from
grain and sugar cane and biodiesel from oil seeds and was(Paifs et al. 2018a)These biofuels

could conceivably be targeted to diffictittdecarboisesectors, but face substantial challenges related

to their life-cycle carbon emissionsost, and further scalabilityTilman et al. 2009Staples et al. 2018
Section6.4.2.9. The extent to which biomass will supply liquid fuels in a fuhetzeroenergy system

will thus depend on advances in conversion technology that enable use of feedstocks such as woody
crops, agricultural residues, algae, and wastes, as wadhnageting demands for bioenergy and land,

the feasibility of other sources of carboeutral fuels, and integration of bioenergy production with
other objectives, including CDR, economic development, food security, ecological conservation, and
air quality(Lynd 2017;Laurens 2017Williams and Laurens 201®auer et al. 20L8argione 2010
Creutzig et al. 2013Bauer et al. 2018Muratori et al. 2020pbSection6.4.2.9.

Costs are the main barrier to synthetic hydrocarbbigh (confidence Hydrogen is a constituent of
suchhydrocarbons (as well as in ammonia and ladts) Section6.4.5.). Today, most hydrogen is
supplied by steam reformation of fossil methane {{tkb CG; and H) at a cost otUSD 1.30-1.50 per

kg (Izquierdo et al. 201Nlon-fossil hydrogen can be obtained by electrolysis of water, but the cheapes
and most mature electrolysis technology today uses alkaline electrolytes with metal catalysts to produce
hydrogen at a cost of roughlySD 5.50/kg H (assuming electricity costs of U.8SD 0.07/kwh and

75% utiisdion rates)(Graves et al. 2011At this cost for electrolytic hydrogen, the minimum price
would beUSD 1.70/liter of diesel equivalent (&fSD 6.50/gallon andJSD 50 per GJ, assuming carbon
feedstock cas of USD 100 per ton of C®and low process costs bfSD 0.05/liter orUSD 1.50 per
GJ)(Graves et al. 2011R&D efforts are targeting 680% reductions in the costs of less mature but
promising technologies, such as higimperature solid oxide or molten carbonate fuel cells, or
thermochemical water splitting(DOE 2017;Schmidt et al. 2017DOE 2018;Saba et al. 2018;
Kuckshinrichs et al. 2017)Technologies capable of prodiug hydrogen directly from water and
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sunlight (photoelectrochemical cells or photocatalysts) are also under development, but still at an early
stagg(Nielander et al. 2015High hydrogen production efficiencies have been demonstrated, but costs,
capacity factors, and lifetimes need to be improved in order to make such technologies feasible for

carbonneutral fuel production at scalklcKone et al. 2014)

The carbon contained in carboeutral hydrocarbons must also have beenoxew from the
atmosphere either through DAC or, in the case of biofuels, by photosynthesis (which could include CO
captured from the exhaust of biomass or biogas combug#@man and Keith 20085raves et al.
2011) A number of differengroups are now developing DAC technologies, targeting costkSof
100 per ton of Ceor less(Darton and Yang 201&eith et al. 2018Fasihi et al. 2019)
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Figure 6.23 Energy System from Davis et al. as an example of methods to address haoeelectrify

Box 6.7 The Hydrogen Economy

The phrase Ahydrogen economy?o

s often us

(Section 6.4) plays a prominent role. These energy systems would not use hydrogen in all
energy to end uses; they would use hydrogen as a complenatim¢t@nergy carriers where hydrog
might have particular advantages. Hydrogparsed fuetells could fuel heawduty vehicles (e.g. buse
trains and lorries) and potentially lighter vehicles for longege journey¢Kendall and Pollet 2%

European Policy Solutions 2018ffice for Low Emission Vehicles 2018K Department of Transpo
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2017) Hydrogen could replace natural gzmsed electricity generah (IRENA 2019d) and it could
provide longterm storage to support higienetration wind and solar power hydrogen could en
trading and storage of electricity between different regions to overcome seasonal or prg
differences. Hydrogen s be used for heating, seasonal energy storage, transport of energy o
distances, and industrial processes (e.g., as feedstock for the chemical industry or direct red
iron ore(Vogl et al. 2018)Countries may be able to export hydrogen or hyeindised fuels to bette
support global mitigation efforts.

Hydrogen production costs have historically been prohibitive. However, recent developme
improvements in hydrogen production technologies in terms of efficiency and capital costs (e.d
(Committee on Climate Change 2018nd emergence of technologies (e.g., mainly electroly
SOEC) for hydrogen production are becoming more compet{®ahmidt et al. 2017b)These
technological changes, along with decreasing costs of renewable power, are increasing the vi
hydrogen. For examplelectrolysis from offshore wind could reduce costs an additional 60% by
(Hydrogen Council 2020)

In order for hydrogen to support decarbonisation, it will need to be produced fromezbom energ)
sources or, if not, offset by car bon stera gas
through the process of autothermal reforming (ATR) or steam methane reforming (SMR), co

with carbon capture and storage (CCS) technology that would absorb most of the result{i@g-C

90 %) . AiGreen hydrogrenodo waysi$d of wadiee viaplowendparateg
electrolysis (LTE) or highemperature electrolysis (HTE) processes, using renewable or othe
carbon electricity sources. Hydrogen can also be produced through gasification of biomass w
(BECCS), leading to negjive carbon emissiof$RENA 2019d)

Hydrogen faces a number of barriers and challenges. The potential role of hydrogen in future
systems depends in large part on its competitiveness and the infrastructural needs to deploy it 3
sales (IRENA 2019d; DENA 2017) Global deployment of hydrogen (e lluratori et al. 2018
Gumber and Gurumoorthy 201®8¥ough the existing gas infrastructures (e.g., within a country) i
feasible. Beside physical barriers, such as steel embrittlement and degradation of deate&mgints
in compressor stations, valves, new pipelines would be reqy@®adunie 2019)For longer distance
(e.g., through continents), hydrogen (mainly through ammonia) can be transported as liquid ga
is a weltknown industy world-wide. Shortdistance transport within district areas, can be carrieq
with existing gas infrastructure, while some hydrogen storage may be required.

Improvements in hydrogen use are emerging quickly. General Electric (GE) gas turbines &
running on fuels that contain a 596% hydrogen by volum@E 2020) Gas turbines could be able
operate completely on hydrogen by 2q30mens 2019)The Japanese government has investe
hydrogen fuel infrastructurgMeti 2017)to support hydrogebased fuel cell vehiclesn the ZEFER
project(ZEFER 2020) 180 fuel cell vehicles will be deployed by 2022 in Eurtpénvestigate the
business case for hydrogen vehicles. Hyundai is aiming to produce 700,008Ifbelsed engines 4
2030(Powerlinks 2018)Further improvements of fuel cell technologies are needed to make hyd
based transport economically viable. There are also safety concerns associated with flam
(Nilsson et al. 2017)oxicity (Bicer and Dincer 2017; EPA 20Q19nd storagéEberle et al. 2009n
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the context hydrogen carriers and use in appliances.

6.6.2.5 Using Less Energy and Usinlj More Efficiently

Demandside or demand reduction strategies include technology efficiency improvements, other

strategies that reduce energy consumpfereutzig et al. 2018)such as reducing the use @rponal

transportation, often called Aconservationo),
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Net zero energy systems will use less energy and use it more efficiently than fthodayohigh
confidence Energy efficiency and energy use reductitrategies are generally identified as being
flexible, costeffective, with a potential for large scale deployment (see Chapters 5, 9, 10 and 11). For
this reason, existing studies on -zeto energy systems find that energy efficiency and demand
reductio strategies will be important contributdSreutzig et al. 203,8avis et al. 2018DeAngelq

2021), reducing the need for leearbon energy or alternative fuel sources.

Charactesing efficiency of netzero energy systems is problematic due to measuremeientesd

(high confidenck Efficiency itself is difficult to define and measure across full econo(8i@snderst

al.,2021) There is no single definition of energy efficiency, and the definition understandably depends
on the context use(Patterson 1996)which ranges from device level efficiency all to way to the
efficient use of energy throughasciety. Broadly, it is defined as strategies that allow us to enjoy the
same level of services or output while using less energy. At the level of the entire economy, measures
such as primary or final energy per capita or per GDP are often used as fopengrgy efficiency,

but they reflect not only efficiency but also many other factors such as the structure of the economy,
industrial structure, endowed natural resources, and consumer preferences, policies and regulations. In
addition, energy efficiezry and other demarside strategies represent such a large set of technologies,
strategies, policies, market responses and policies that aggregate measures can be difficult to define
(Saunderst al.,2021)

Measurement issues notwithstanding, virtually all studies that addreassraetnergy systems assume
improved energy intensity than to todéwgh confidence Future netzero energy systems will be more
efficient but the overall efficiency outcomes and the access to such improvements across different
nations is not clear. Energy consumption will increase over time despite energy efficiency
improvements due to population growth and development implying Weeed more lowcarbon

energy sources in place with resources and sites that are less effi@émigelq 2021, DeAngelo

(202)), review the outputs for 177 neero energy systems scenarios

DeAngelo(202]) review the outputs for 177 scenaritsthe point at which they reach +rtro CQ
emissions, of which 158 reach fmetro emissions in the energy sector specifically. They find that global

final energy per capita lies between 21 and 109 GJ/person (median: 57), as compared to global final
enggy use today (2018) of 55 GJ/person. Across regions, energy use per capita varies more broadly,
and many countries use far more energy per capita than today as their incomes increase. Global final
energy use per unit of economic output ranges from 0Z.2cEJUSD trillion (median: 1.4,), as
compared to 5 EUSD trillion in 2018. Across all scenarios reviewed that meetzeed energy
systems, the median final energy consumption is 522 EJ (versus 550 EJ if one to assume current levels
of energyconsumption and a population of 10 billion). However, across all scenarios, final energy
consumption is higher than todayso6é | evels. Regi
OECD+EU and Eastern Europe+Russia have lower total final enengyirti2010. Looking at per

capita final energy, OECD+EU decreases significantly from 2010 taemetyear while all other

regions increase their energy use.

Net-zero energy systems will be charaided by greater efficiency and more efficient use of eyperg

across all sectors, but with the degree of improvement varying across skicfiorsopfidence Road
transportation efficiency improvements will require a shift from liquid fuels, as the improvements in

the internal combustion drivetrains are very ladiChapters 5 and 10). The gains will instead come

from a transition to electrification and hydrogen. Vehicle automation will enable additional efficiency
gains by optinsing driving cycles for freight travel and personal driving. Ridéding services amh

online shopping with door delivery services will continue to grow with zero carbon vehicles rather than
using personal vehicl es. fi E-offs ang piakdup neag cdounteract we e n
some of the efficiency gains. Lighter vehicles, stafpublic transit, as well as 2nd 3wheelers will
encompass a net zero energy system. Last mile delivery services may rely also on drones, which will
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likely be less efficient than electrified or hydrogen road vehicles, but more efficient than comafentio
delivery trucks. Teleworking and automation of work may provide reduction in driving needs. In other
sectors, such as air travel and marine transportation will may rely on biofuels.

Buildings will benefit from improved construction materials, increzfsmulti-family dwellings, early
retirement of inefficient buildings, smaller floor areas, and relying on ICT technologies tosejtien
efficient use of energy in the building, namely for heating, cooling, LED lighting, and water heating
(see Chapter)9Enduses will use electricity or hydrogen produced with zero carbon sources. The use
of electricity for heating and cooking is a less efficient process than using natural gas (i.e., hew fuels or
energy carriers does not equate with more efficiency)n@ds inbehaviormay contribute with a
modest lowering of demand. Developed economies will have buildings with more efficient technologies
powered by zero carbon electricity. Developing economies will shift from biomass to electricity and
increase in eneygconsumption as population and wealth increase.

Industry has seen major efficiency improvements in the past, but many processes are now close to their
thermodynamic limits (see Chapter 11). Breakthrough processes (such has producing steel with
electricity and H2), using recycled materials, using heat more efficiently by improving thermal
insulation, using waste heat being for heap pumps, as well using advanced sensors, monitoring,
visuaisaion and communication technologies may provide further efficiampyovements.

6.6.2.6 Greater Reliance on Integrated Energy System Approaches

Energy systems integration refers to the connected planning and operations across a range of energy
carriers such as electricity, fuels, and thermal resources. Coordinated plannthppeduiportant to

lower system costs, increase reliability, mirieenvironmental impacts, and ensure that lumpy costs

of R&D and infrastructure account not just for current needs but also for those of future energy systems.
Integration includes not onlghe physical energy systems themselves but also simultaneous societal
objectives (e.g., sustainable development goals), innovation processes (e.g., coordinating R&D to
increase the likelihood of beneficial technological spillovers), and other institudindahfrastructural
transformationgSachs et al. 2019%iven system variability and differences in regional resources, there

are economic and technical advantages to greater coordination of investments and policies across
jurisdictions, sectors, and levels of govermtr(&chmalensee and Stavins 2QXZ¢ordinated planning

and operations can improve system economics by sharing resources, increasinggtonuifl capital
intensiveassets, enhancing the geographical diversity of resource bases, and smoothing demand. But in
integration can require regulatory and market frameworks to facilitate.

Carbon neutral energy systems will be more interconnected than those of biglag¢nfdencé. The

many possible feedstocks, energy carriers, and interconversion processes imply a greater need for the
integration of production, transport, storage, and consumption of different{eelss et al. 2018a)

For instance, electrification is expected to play an important role in decsifgplghtduty vehicles

(see Section 6.5.4.3), yet the electric power antspart sectors have few direct interactions today.
Systems integration and sectoral coupling are increasingly relevant to ensunetitexb energy
systems are reliable, resilient, and afforddBERI 201706 Ma | | ey Buttler and Splie2h6f2 O ;
2018)Martin et al. 2017)Deep decarbasaion offers new opportunities and challenges for integrating
different sectors as well as supphnd demandgide options. For instance, increasing electrification
will change diurnal and seasonal load shapes, andisadlexibilities and constraints could impact the
desirability of different supphgide technologie€EPRI 2019bBrown et al. 2018)The feasibility of
netzero energy system configurations could depend on demongfratiosssector benefits like
balancing variable renewables in the power sector and on offering the flexibility to produce multiple
products. For instance, leamissions synthetic fuels could help to bridge stationary and mobile
applications, since fuel meets have more flexibility than instantaneously balanced electricity markets
due to the comparative ease and cost of laogde, longterm storage of chemical fuelPavis et al.
2018a)
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There are few detailed archetypes of integrated energy systems that provide servicesvatmeero
negative C@emissions, so there is considerable uncertainty about integration and interactions across
parts of the system. Although alternate configurations, tradeoffs, and pathways are still being identified,
common elements include fuels and processes like penmegativeCO; electricity generation and
transmission, hydrogen production and transport, synthetic hydrocarbon production and transport,
ammonia production and transport, and carbon management, where linkages across pathways could
include the use of eladtity to produce hydrogen via electrolysi®avis et al. 2018Jenkins et al.
2018b;Van Vuuren et al. 201&hih et al. 2018Voore 2017 Smith et al. 2016)

In light of these uncertainties, there are modeling and analysis needs fedisoislnary systems
integration research. Linked analytical frameworks can inform system coy@ergoni et al. 2017;
Santen et al. 201TCollins et al. 2017Bistline and de la esnaye 2017ohringer and Rutherford
2008) For instance, togown integrated assessment modeling can be complemented by-bpttom
sectorspecific models so that cressctor and global responses can iterate with models thatiancl
technological and behavioral detail. Increased supptg demandide integration creates a need to
understand behaviors of decisiorakers in different sectors and to quantify differences for firms and
households (see Chapter 5). This poses challerjeen lowlevels of experience with emerging
technologies, nascent markets, and variation in household preferences and socioeconomic
characteristic§McCollum et al. 2018Muratori et al. 202Q)Previous sector coupling studies tend to
focus on a few demand sectors (eBgawn et al. 2018Vieibom et al. 2010)r, in the case of integrated
assessment models, prigsé broad coverage of sectors and geographies over temporal resolution,
spatial resolution, and heterogeneity of consumer and firm decisions.

Challenges associated with integrating n&to energy sstems include rapid technological change, the
importance of behavioral dimensions in domains with limited experience and data, policy changes and
interactions, and path dependence. Technological cost and public acceptance will be influence the
degree of itegration. Sectoral pathways will likely be adaptive and adjust based on the resolution of
uncertainties over time, and the relative competitiveness will evolve as the technological frontier
evolves, which is a complex and patbpendent function of deplment, RD&D, and intemdustry
spillovers. Supphyside options interact with demawidie measures in increasingly integrated energy
systemgVan Vuuren et al. 201&orrell 2015)

6.6.2.7 Use of CarborDioxide Removal

Carbon dioxide removal (CDR) technologies will likely be part ofzezb emission energy systems,
potentiallyremoving 512 GtCO, yr globally (high confidenci(Fuss et al. 2018&igure6.22). CDR

is not intended as a replacement for emissions reduction, but rather as a complementary effort to manage
hardto-decarborse sectors and offset residual emissions from otherdavibon €chnologies such as

fossil CCS(McLaren et al. 201,9Gaffney et al. 202Q)The amount of CDR necessary to limit warming

to 1.5°Cor 2°Cwill depend on the intensity of emissions reductions in the coming déoadierer et

al. 2018)i less mitigation today will require more CDR in the future. There are some scenarios in which
CDR stores less thanGt-CO, yr, but these scenarios require more than 40% reduction in primary
energy compared to toddyan Vuuren et al. 201&rubler et al. 2018)

While CDR is likely necessary for neero energy systems, the scald amix of strategies is unclear
nonetheless some combination of BECCS and DAC are likely fwalieof netzero energy systems

(high confidence CDR covers a broad set of technologies and strategies (Chapter 7, 12), and two
prominent CDR technologies are BEC@®ich is used to produce energy carriers, and DAC which is

an energy usefSmith et al. 2016)Other options would nadhteractas directly with energy system
operations. In addition to its CDR capability, BECGS kalue as an electricity generation technology,
providing firm, dispatchable power to support electricity grids with large amounts of variable
renewable, and reducing the reliance on other means to manage these grids, including electricity storage
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(Mac Dowell et al. 2017)BECCS may also be used to produce liquid fuels or gaseous fuels, including
hydrogen(Muratori et al. 2020b)For instance, C&Ofrom bio-refineries could be captured €it/SD
25/tCO; (Sanchez et al. 2018pimilarly, while CQ capture is expensive, its integration with hydrogen
via biomass gasification can behgved at incremental capital cost 683% (Muratori et al. 2020b)

As with all usesof bioenergy, linkages to broad sustainability concerns may limitviakle
development, as will the presence of higrality geologic sinks in close proximitllelara et al. 2020)

OO, WDNBE

DAC offers a modular approach to CDR with less infrastructural coordin@@i@utzig et al. 2019b)
DAC could bea significant consumer of energy, but captured, €ald be reused to produce low
carbon methanol and other fu¢iRealmonte et al. 201¥oppe et al. 201,&hang etal. 2019a) DAC
10 might also offer an alternative for use of excess electricity produced by variable rendWédiiénd
11 etal. 2018}¥hough there are uncertainties about the economic performance of this intagptsath

©O© 0 N

12 6.6.3 The Institutional and Societal Characteristics oNet-zero Energy Systems

13 The transition to netero energy systems is not just technological; it requires shifts in institutions,
14  organsdions, and society more generally. As such, it involves changes in the institutmmgsidé

15 changes in supply, technology, or mark@adrewsSpeed 2016)There are at least three ways in
16  which institutions are instrumental for redro energy systems, complemented by and interacting with
17  the behaviors of actors in thesgstemsKigure6.24).

1. Embedded institutions:
MNorms, beliefs, ideas.

2. Institutional environment:
Political, economic and legal
systems; government structures;
property rights.

3. Institutions which govern
transactions

Firms, bureaus, markets, hybrids,
networks. Policies, laws and
policy instruments.

4. Behaviours:
The actual transactions which
determine prices and output

quantities.
18
19 Figure 6.24 The three levels of institutions (13) which collectively govern actor behaviors (4).
20 Source: AndrewsSpeed 2016

21 One level of institutional interactions reflects embedded institutions, norms, beliefs, and ideas that
22 would need to be different than today to supporzeed energy systems. This applies, for example, to

23 the objectives of modern economies and the pialgntcontradictory dynamics embedded in the

24 concept of @EegemanmandOssewaarded?@8knes and Rockstrom 201&econd,

25 the institutional environmeritthe political or legal systems that govern exchanges or protect property
26  rightsi would need to be different. Here challenges might relate to changing regulations or subsidies
27 that coninue to favor carbointensive systems over the technologies of azeeb energy system

28  (Sovacool 2017)More generallynetzeroenergy systems will need new regulatory frameworks to, for

29 example, manage a more interconnegied or manage underground storage obCOthird level of

30 institutions govern specific transactions, such as firms or networks that supply energy fuels or services.
31 Current actors such as these are typically resistant to disruptions, even if sudiodismpy broadly
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benefit society(Kungl 2015) Examples include China, where some state planners seek to curtail
renewable energyMori 2018) or Germany, where researshiggest DSOs are hostile to renewable
electricity Schmid et al. 2017)

To give an example, it has been asserted thal tBeenergy system has two brbenstitutional wings,

one based upon lightsegulated delivery of liquid fuels, and another based upon clossjylated
delivery of electricity(Dworkin et al. 2013)Reforming thiswo-pronged system for decarbis#ion

would requie four types of institutional change: (1) institutional changes to the control systems that
coordinate generation and transmission through a pyramidal architecture for the operational control,
dispatch, and delivery of power with a primary emphasis aabibly; (2) institutional changes to the
financing of centralstation power plants through lotgrm bonds, as valued by Wall Street ratings
analysts; (3) institutional changes to the structure of investoied utilities that attract private
investorsvho expected decades of technological stability to yield-term, lowrisk revenues; and (4)
institutional changes to regulations to restructure and limit excessive returns and easy entry of new retail
competitors, and which that recaggd both local ad national concerns through both state and federal
regulatory agencies. Internationally and across different parts of the energy system, institutional
challenges such as these could become even more stark and cfaplele Graaf 2013)

6.6.4 Regional Circumstances andNet-zero Energy Systems

Countries have flexibility tgursueoptions that make the most sense for their national circumstances
(Figure 6.25). They may emphase supply transformation over demand reduction; deplidierent
resourcesengage at different levels in international energy trade; support different energy industries;
focus on different energy carriers (e.g., electricity, hydrogen); focus more on distributed or integrated
systems, among others. How canicmies navigate this space in a meaningful way to identify the long
term netzero energy systems that are appropriate for their national circumstances? A number of factors
might influence the answer.

Future TechnologyPerhaps the largest and most critifsctor is the nature of future technology.
Technological transitions have largely been driven by the economics of different technology options.
Recent trends in the use of PV cells and in electric cars, for example, have been driven by the increasing
ecanomic competitiveness of these technologies (Section 6.3). At the same time, future technology
cannot be fully predicted, so it provides only a partial guide to decision makers today assessing their
future options.

Indigenous Energy Resourc&ountries mht anticipate emphasng approaches that take advantage

of indigenous resources such as solar power, wind, hydroelectric resources, agricultural land, CO
storage capability, or fossil resources to be use used with CCUS. Countries with less abundant resources
may put greater emphasis on demand reductions and regional integration. Countries with resource bases
that are easily tradeable, for example, Hcavion electricity or potentially bioenergy, may choose to

trade those resources rather than using them domestically. For example, regional electricity markets
could allow countries endowed with expansive renewable electricity resources to produce beyond their
own domestic needs if they can find other countries to purchase fuels generated from these resources.

Regional ClimateClimate will influence the heating and cooling demands, and these constitute a large
portion building energy demands. Historically, tiog has been served by electricity and heating has

most commonly been served by gaseous, liquid, and solid fuels-tenmpesystems, however, heating

may be increasingly served by electricity through the use of heat pumps (Section 6.6.4), limiting the
distinction between fuel types emerging from differences in climate. At the same time, heating and
cooling are seasonal, both influencing which energy sources may serve these loads and the degree of
seasonal storage that would need to be included in angyesystem.

Current Energy System Configuratio@ountries will tend to build on their current system
configurations. Countries with less developed or growing energy systems will have more flexibility to
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1 create the systems that best match their-teng goals, but there may be substantial challenges is
2 moving directly to the most advanced technology options. Future sectoral energy demands and the
3 potential for demandide transformation are partially determined by existing infrastructure (e.g.
4  building staks, transport infrastructure).
5 Regional IntegrationRegional integration allows countries to bridge gaps using external linkages,
6 including regional electricity integration, trade in biomass resources. Countries with greater integration
7  canrely more hedly on nonindigenougesources and will therefore be less disposed to have their net
8  zero energy systems dependent on theseurces(Box 6.8)
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10 Figure 6.25 Characteristics of regional energy systems anemissions when energy and industrial C®
11 emissions reach nerzero. Scenarios reaching nezero emissions globally show regional differences in

12 residual emissions and carbon removal (a), energy resources (b), electrification (c), and energy efficiency
13 (d). Probability density distributions shown along each axis for each region (Asia = blue, Latin America =
14 green, Middle East + Africa = orange, OECD + EU countries = pink, and Eastern Europe + Russia =

15 purple).

16  Societal PreferenceLitizens in every countrydve preferences for some technological options or

17  mitigation approaches over otheResearch indicates that the public generally prétetsesbased

18 largely on renewable energy (Xexaki & Trutnevyte, submitted). Preferences foemawnable energy

19 differs across regions and groups (Xexaki & Trutnevyte, submitted)examplepeople in the U.S.

20 and Canada are willing to pay more for electriptpduced by renewables compared to the current

21  energy mix(Sergi et al. 2018)People in the Europe, including the U.K., Germany, the Netherlands,
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and Switzerland, prefer renewable energy and personal efficiency and energy saving to nuclear, fossil
fuels and CC%Demski et al. 201 7Jones et al. 2012Scheer et al. 2013)olken et al. 2018Bessette

and Arvai 2018Steg 2018)People with higher edation levels, higher incomes, females, and liberals
prefer renewables to fossil fuels and nucl@&n Rijnsoever et al. 201Bertsch et al. 20Z@lumer

et al. 2018Jobin et al. 201Pand the willingness to pay for renewable electricity differs by sdiviee

et al. 2015Sundt and Rehdanz 2015)

Technological Leadership, Economic Opportunities, and Grov@buntries might emphiese
technologies in which they intend to have technological leadership and a competitive advantege. The
could emerge over time or be based on current areas of opportunity or leadership. Industrial policy can
more generally influence climate policy as technological choices can benefit or hamper incumbents or
new market actors.

Energy SecurityUse of indigghous resources tends to reduce energy security concerns from energy
imports. Countries emphiaghg import security will tend to emphas indigenous strategies.
Renewables, particularly bioenergy and hydropower, can be subject to import climate ligkscind

energy security even from indigenous resources, calling for a broader energy mix or greater regional
integration.

Other Factors Countries will take into account a wide range of additional factors in building toward
long-term netzero energy systms. Other factors might include population density, which would
influence the nature of buildings, energy use, and transportation. Sustainable development goals in
general tend to lean toward certain types of energy systems.

Box 6.8 Regional Integration of Energy Systems

Energy systems are linked across countries in many different ways. Countries transport crude oil dcross the
ocean in supertankers. Pipelines carry oil and natural gas across dmurtdaries. Electric power lings
cross country boundaries. And countries trade industrial commodities that carry embodied energy ar that are
essential inputs to mitigation technologies. Future systems will generate electricity using different mixes of

techologies, produce and transport different carriers (e.g., hydrogen or biofuels), and use far less fossil
fuels, among other major changes. How might regional integration-zengienergy systems be different

than it is today?

Electricity System Integration. Given the significant variations in renewable resources and the timing of
these resourcésnotably wind and solar PVacross different regions, regional electricity grids could reduce
the costs of net zero energy systeiftsere may be significant benefits in integrating regional electrjcity
transmission infrastructure to enable cost effective deployment of renewable geneatexample, fully
coordinated deployment and management of renewable sources in Europe byd08Gave 160
GW of renewable capacity while producing the same amount of renewable energy and save more than
0150bn i n(Newberyeetat. 20&3jfrurthermore, interconnection can significantly reduce the

local energy balancing cost and investment in peaking plants needed to meet security of supply
requirements, and it can increase system resilience, especially in case of extreme events such as hea
waves or cold spellmitrii et al. 2016) Comparald examples can be found in Aséand around th

world. Climatic dipoles present both regionally and on continental scales could also help support
diversification of renewable energy sources and mitigation of risk due to complementary weather and
climatic phenorena. Electricity from solar generation produced in Middle East (with higher capacity
factors) could be used in Europe even after sunset. Further integration between Europe and MENA
could also have significant mutual economic benefit and support increlesiadpoisation, potentially
significantly contributing to a fully decarbized system by 203@Dawkins 2019;Bogdanov et al
2016) At the same time, a broad range of geopolitical and socioeconomic challenges will need to be
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[2)

overcome to support this level of internationalogeration, as well as the techeconomic challenge
associated with largscale network expansion.

Hydrogen Integration. If hydrogen plays a significant role in future 1zfro energy systems, there
may be needs to transport hydrogen across long distances:Zeroetystems with substantial wind
and solar power generation, hgden can be generated through electrolysis and then shipped to other
locations. For example, there is significant interest in producing hydrogen in the North Sea by offshore
wind generation and also in the Middle East by solar generation. Hence, theyeiisggnterest in
infrastructure for transport of hydrogen over both short and long distances.

Trade in Biomass.Largescale bioenergy requirements in-zeto energy systems are likely to trigger
major global trade of biomass, potentially on a scaldairto fossil fuel trade today. Global bioenergy
trade volumes presently exceed 1 EJ, of which 60% is directly traded for energy p(iRposksrina
et al. 2019h) Currently established trade mechanisms include wood pellet transport (~12000 |ktons),
ethanol (~4000 ktons) and biodiesel (~7000 ktgRsdskurina et al. 2019dYnder a nezero context
trade of bioenergy is projected to be greater than current trade of coal or natural gas, but less|than that
of petrobum. Most models agree that Latin America and Africa are projected to be the main exporting
regions, with EU, the USA and East Asia being key impoiteentizelas et al. 2019; Alsaleh apd
Abdul-Rahim 2018) Thus, net bioenergy exports may be as high as 10% of the GDP for some Latin
American countries while creating considerable import reliance in th€M&blknecht et al. 2020;
Daioglou et al. 2020b)Note that an accelerated timeline towards-zesd emissions does npt
necessarily imply greater bioenerggde as such scenarios are also associated with reductions in final
energy demand.

6.7 Energy System Transitions in the Nearand Medium-Term

6.7.1 Transition Pathways to low carbon energy systems
6.7.1.1 Pathways for CQemissions from energy system

Without additional #orts to reduce emissions, energy system emissions are very likely to continue to
increase in the coming decade and beybigh(confidence Scenariosissuming no additional climate
policiesbeyond those in place today provide a useful benchmark forarisop against mitigation

scenarios Figure 6.26). GlobalCO e mi ssi ons f ossi l fuel combusti on
scenarios but span a broad range, reflecting underlying differences in the potential development of
future energy system®auer et al. 2017&Riahi et al. 2017Wei et al. 2018). The highest baseline

emissions from the energy sector, are about four times larger than current emissions; the lower baseline
emi ssions are modestly bel ow t odanpghusimproeementss . Al |
in technology. While the realism of these different possible baseline scenarios can be tebated
particularly in an environment today of increasing climate actidhe fact that they are general
increasing strongly supports the carsibn that the energy sector will not be decaisehwithout

explicit policy actions to reduce emissions. Although baseline emissions increase in most of the regions,
they diverge significantly across regions. Aaia the Middle East and Africa are respible for the

majority of increased emissions across scenaFiggi(e6.27).

Limiting warming to 1.5°C will require that energy sector emissions decline at abb8t32@annually
through 2050 to limit warming to 1.5°C; they will need to decline at abolu2 P%a anually to limit
warming to 2.0°C rpedium confidenge(Figure 6.26). While the range of emissions pathways is
relatively narrow, there are significanffdrences in energy system and socioeconomic transformations
(Box 6.9). All other things being equal, lower energy demand growth will ease the transition, and
continued dependenam fossil fuels and delayed efforts to reduce emissions will pose suldstantia
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1 challenges, potentially requiring substantial net negative emissions technologies in the second half of
2  the century to offset emissions in the first {@&uer et al. 2017&riegler et al. 2017)

3

Energy sector emissions from CO2

120
= (Reference, CEDS, World, Emissions|CO2|Energy, Gt CO2/yr) .
<1.5°C in 2100 (CO, C1, C2) -
°Ci .
.. <2.0°C in 2100 (C3) .

<2.5°C in 2100 (C4, C5)
>2.5°C in 2100 (C6, C7)

Gt CO2/yr

<2.5°Cin 2100 (C4, C5)
2.0°Cin 2100 (C3)
1.5°Cin 2100 (CO, C1, C2)

L >2.5°C|in 2100 (C8, C7)

2000 2020 2040 2060 2080 2100
4 Year
5 Figure 6.26 Global CO2 emissions from energy (IPCC Scenario Database)
6
R50ECD90+EU R5REF R5ASIA
]
Q
&
<1.5°Cin 2100 (CO0, C1, C2)
<2.0°Cin 2100 (C3)
204 <2.5°Cin 2100 (C4, C5)
< >2.5°C in 2100 (C8, C7)
§ 10
5
ol
=10 y T T T 1 0 T T T T 1 -20 T T y T — 1
7 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100 2020 2040 2060 2080 2100
8 Figure 6.27 Regional COz emissions from energy (IPCC Scenario Database)

9 6.7.1.2 The timing ofnet-zeroenergy systems

10 The global energwystems will need to reach regro CQ emissions around 2058065 to limit
11  temperature change to 1.5°C; it will need to reactzast around 2062095 to limit warming to 2.0°C
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(medium confidenge(Figure 6.28). Achieving netzero CQ emissions is requisite for stabihg

warming because cumulative emissions ok &@ely determine the degree of warming. Overall GHG
emissions reach net zero after the energy system becomes reaers® ne¢cause substantial ron

CO, emissions are expected to continue indefinitely. The year afaretenergy system G@mission

moves earlier as the climate target becomes stringent. The availability of net zero or negative emissions
technologies and the stringency of climate policy, among other factors, determine the timing of net zero
emissions.

The power sector is anticipatedreachnetzero emissionbefore other sectorsngdium confidenge
(Figure6.28). Research indicates that it will be easier to reaclzeed in the powesector than in other
sectors, because of the number of Jemwissions, zeremissions, and negathgmission options

relative to other sector@Rogelj et al. 2018aRogel;j et al. 2015fClark and Herzog 2014PCC 2018

Luderer et al. 2018)Power sector ng€O, emissions reach zero around 2050 in 1.5°C scenarios and
after 2050 (2042070) in 2°C scenario$igure6.28). The full energy sector reaches-aeto around

20 years after the power sector in almost all scenarios for 1.5°C, whereas energy and industrial process
emissions reach ngero ths century in only twehirds of 2°C scenarios. The energy system includes
sectors that are relatively easy to electrify and are expected to reduce emissions early, such as residential
heating, as well as sectors that are difficult to electrify and hadéddarborse at an affordable cost,

such as the londistance transportation, industrial processes, andteigperature heat. These, harder
to-decarboise sectors are expected to be decardahlast, after the power sectétigure6.28).

The timing of neizero energy systems will vary by region depending on the structure of regional energy
systems and domestic circumstandeegions with arelatively large potential for CDR, abundant
domestic lowcarbon resources, and modest drivers of increased energy system growth can generally
reach net zero emissions earlliany scenarios indicate that Latin America will reachzerb energy

system ernssions more quickly than other regions due to the substantial bioenergy potential, but this
depends critically on the feasibility of ugilng that potential and the nature of future bioendrage
(Figure6.27).

Delays in climate action will move up the feasible times at which energy systems can rezsio net
CO; emissions and require a rapid transformation of energy systegdiuym confidengeA two-
decade delay in the peak in global energy systemeG®ssions will bring forward the feasible timing
of netzero energy system emissions by about 15 years to limit warming to 2 °C. The timing@fmet
energy system C{£emissions has an inverse relaship with peak emissions. For a given dget,
higher neaterm emissions require a steeper decline in future €@fssions. Higher CQOevels of
about 45 GtC®in 2030 lead to earlier net zero €€@missions around 2065, and lower g€vels of
about 25GtCG; in 2030 correspond to later net zero&missions around 20§Rogelj et al. 2015h)

We lack sufficient understanding to pin down precise dates at which energy systems in individual
countries,regions, or sectors need to reach-zesb to limit warming to any particular levéiigh
confidencg Current understanding can, however, can provide rough radgesero timing is based

on a number of factors that cannot be known today or are boundhgapproaches that countries or
regions might take to reduce emissions. The future of key technologies, such as energy storage or
hydrogen, is not well understood. The discount rate used to assess strategies affects the timing of
mitigation and therefre the timing of nezero energy system emissi@viercure et al. 20L8Bednar et

al. 2019) Higher disount rates tend to defer climate investments, and vice vinsause of CDR in

the latter half of the century could reduce the pressure on mitigation today, but is subject to a wide range
of feasibility concerngObersteiner et al. 2018)ower discount rates lead to lower future carbon prices

and less overshoot of the carbon budget with less negative emissions, and thus the year of net zero
carbon emissions are delayemmerling et al. 2019)Definitions and methodological choices also
matter, such as the use of LULUCF data and accounting of negative emissions resulting from BECCS.
The former especially affects the timing of net zero emissions in countries with large sinks or sources.
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The latter has imptations for biomass importers and exporters: when allocating negative emissions
from BECCS to the biomagmoducer rather than the country applying CCS, bioreapsrting
countries would see an earlier phase

n=372

93/120 <1,5°C in 2100 (C0,C1,C2) | I el { R

GHGs

761 252 <2.0°Cin 2100 (C3) 4

n= 372

1077120 <1.5°Cin 2100 (C0,C1,C2) 4

Energy & Industrial
Processes CO;

1481252 <2.0°Cin 2100 (C3) 4

n= 372

109/120 <1.5°Cin 2100 (C0,C1,C2) 4

Electricity sector CO;

201/ 252 <2.0°Cin 2100 (C3) 4

2030 2040 2050 2060 2070 2080 2090 2100
Year of net-zero

Figure 6.28 The timing of net-zero emissions. Fraction indicates the number of scenarios reaching net
zero by 2100 out of the total sample size.

6.7.1.3 Energy transition strategies

Limiting temperature change requires a fundamental tremston of energy systems, and there are
multiple technological routes to achieve the targeigh( confidence The power sector presents the

most viable neaterm opportunity to reduce emissions, due to the availability of renewable energy
sources suchsawind and solar power, nuclear power, and CCS technology. At the same time, energy
efficiency improvements and energy conservation can reduce energy demands, and the use of electricity
can be increased in applications such as heating, cooking, and sehmbieicing fossil fuel
consumption. In sectors where electrification is difficult, such as-dlistgnce transport (freight,
aviation and shipping) and energy intensive industries, alternative fuels or energy carriers, such as
biofuels and hydrogen, mag meeded. CDR options, such as BECCS and DAC, could be used to offset
any remaining fossil fuel C£and GHG emissions. (Section 6.6).

A rapid shift away from fossil fuels is crucial to reduce energy sectee@i3sionstiigh confidenck
Mitigation scendos deploy a variety of different energy technologies for mitigation, depending on
technology assumptions, scenarios, national circumstances, and national p(kmjest al. 2019)
Renewable energy, including solar, wind hydropower, bioenergy and geothermal, will have an
important role in providing lovcarbon energy(Gielen et al. 2019)Fossil fuels with CCS anuclear

may also play important role®Riahi et al. 2017 Bauer et al. 2017b)The share of lovearbon
technologies in energy supply needs to increase, but the configuration of thesd¢dgies depends on

the regional context and future technological progressiting warming to1.5°Cor 2°C involves a
significant reduction in fossil fuel consumption, especially the consumption of coal (Section 6.7.4).
Alternatively, norfossil low-cabon energy sources, renewables, nuclear power, and fossil or bioenergy
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with CCS need to grovBioenergy may be used because it is a versatile substitute for fossil fuels where
electrification is not possiblé.uderer et al. 2014ind rates of growth of 115% per year in bioenergy
production through 2050. Hydrogen can also be an attractive option, but the carbon footprint of
hydrogen, depends on the primary energy sources and the process useddoudson(See Box 6.7).
Scenarios generally find that hydrogen consumption will grow more gradually, becoming most valuable
after the energy system has become predominanthcéoton with a large share of low carbon energy
sourcesigure6.29).

To limit warming to1.5°C(2°C), the share of lovearbon technologies in primary energy supply will
need to grow more than five times (raothan quadruple) from current levels by 205@edium
confidencg The share of lovcarbon technologies in global energy supply today is below(3@%tion
6.3, Chapter 3)Scenarios find that lowarbon technologies reach around 60% {®0%6) of the energy
by 2050 for 2°C targetand about 70% (60% to 80%)irb°CscenariosKigure6.29).
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13 Figure 6.29 Share of low carbon energy of Primary Energy (left) and share of wind and solar in primary
14 energy (right) (Source: IPCC Database)

15

16 | Box 6.9 lllustrative Energy System Transitions

17 | There are multiple possible strategies to transform the energy system to reasfor@® emissions
18 | and to limit warming to 1.5°C and 2°C. All pathways rely on the strategies faen@tCQ energy
19 | systems highligted in Section 6.6.2, but they vary in the emphasis that they put on different aspects of
20 | these strategies and the pace at which they approazknmetmissions. The pathway that any country

21 | or region might follow will depend on a wide variety of fact(®sction 6.6.4), including, for example,
22 | resource endowments, trade and integration with other countries and regions, carbon sequestration
23 | potential, public acceptability of various technologies, climate, the nature of domestic industrjes, the
24 | degree of tharisation, and the relationship with other societal priorities such as energy access,|energy
25 | security, air pollution, and economic competitiveness. The illustrative pathways presented in this box
26 | demonstrate four distinct strategies for energy systensfyemations, aligned with global strategies

27 | that would contribute to limiting warming to 1.59Cand they represent very different visions of-rjet

28 | zero energy systems. Yet all of these pathways share the common characteristic of a dramatic
29 | transformation wer the coming decades.

Do Not Cite, Quote or Distribute 6-102 Total pages203



ga hrOWN B

oo~ O

10

11

12
13

14

15

Second OrdeDraft Chapter 6 IPCCARG6 WGIII

50 Primary Energy 50 Secondary energy carriers Final energy

50 1 I
40 A 40
30 4 _ 30 ; |
i I
201 20
10 A 10 I
,4 EECE ]

0 0 T T T T T T 3
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

(%2}

-

EJ/yr
E)lyr
Gf
G)/US$2010

w

GJ/capita

IS
o
L
[N}

Biomass Il |Electricity —— Final Energy per capita
I Fossillw/ CCS Il |Gases —— Final Energy|GDP|MER
Fossillw/o CCS B |Heat
Il Non-Biomass Renewables I |Hydrogen
BN Nuclear I |Liquids
|Solids

Box 6.9, Figure 1 lllustrative Pathway 1.5Sup: Latin America & Caribbean in a 1.5°C scenario (ngero

economy, 2038, net zero energy system 2056). Supply side focus with growing dependency on carpon

sequestration and AFOLU, thachieves netero very early.
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Box 6.9, Figure 2 lllustrative Pathwayl.5-Renewables: Africa & Middle Eastin a 1.5°C scenario (neero

economy, 2060, net zero energy system 2057). Rapid expansion-bfomoass renewables, high electrification

supported by hydrogen, and a fossil fuel phaseout.
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Box 6.9, Figure 3 lllustrative Pathwayl.5Low Demand: OECD+EU in a 1.5°C scenario (ngero economy
2075, net zero energy system 2046). Massive reduction of energy demand, high electrification and FF
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Box 6.9, Figure 4 lllustrative Pathwayl.5-Shifting Pathways: Asiain a 1.5°C scenario (ngero economy,

2074, net zero energy system 2094). Renewables, high electrification, FF phaseout and low AFOLU emiss

Reaches netero relatively late.

Box 6.9, Table 1. Summary of selected lllustrative Pathways energy systamaracteristics in 2050 for the
chosen regions.

Energy
sector CQ Negative
Reduction Variable | Low carbon| Emissions
rate2020 | Energy renewable | capacity BECCS, Year netzero
2050 % | intensity capacity additions |AFOLU, Total GDP per capita emissions
GtCQyr| MJ/ 10 1 1 MER .
1 USD2010 EJyr= (%) GW yr Gt CQyr USD2010/person ecg:!m Eletctrlu
Region| 2050 |2020{2050 2020 | 2050| 2020| 2050| 2020 | 2050| 2020 2050 o
Latin 002 0.4,
1.5Sup |Am. & 2.5 45 | 2.3|0.2(4)|5@43) 12 42 02 | 1.5, | 9460 17782 2038 2039
Carib. ' 1.9
1.5Ren . 39 0,0.1,(0.3,0
Africa Africa 3 10.6| 4.1|0.3(4) 87) 15 | 440 0 03 3176 5689 2060 | 2039
1.5LD 37 0,0.1,|0,0.6
OECD OECD 3.1 3.4 109]|4(13) 72) 52 | 188 01 | 06 38904| 63327 2056 | 2046
1.5SP . 83 0,0.1,|0,0.4
Asia Asia 2.5 8.3 [2.3|2.6(6) 77) 123 | 684 01 0.4 4793 16555 2074 2094

Decarboisdion of the power sector along with increasing use of electricity is an essentidémsar
strategy for limiting warming(high confidence Low-carbon electricity generation technologies
currently produce less than 40% of the global electricity, but will need to produce almost 100% by 2050
T that is, be fully decarbdsed i to limit waming to for either 2°C or 1.5°@nedium confidengeA
number of stui@shighlight the importance of power sector in reducing €Qissions from the energy
system as a wholgElark and Herzog 2014&Krey et al. 2014Williams et al. 2012Luderer et al. 2018

ons.

Zhao et al. 2018Tang et al. 2018) ow-carborelectricity then facilitates the use of electricity to reduce

CO; emission than in other sectors of the energy system. Global electricity generation was 26,600 TWh
2018, and associated emissions were about 13 Gt, or 38% of toteh@€3ions from globalrergy
systems (Section 6.3). Electricity demand roughly doubles by 2050, and quadruples to quintuples by
2100 in both mitigation scenarios and baseline scen@gser et al. 2017d;uderer et al. 20171EA

2019a)

Electricity plays a key role in decarbaitig energy systemsigh confidence The percentage of
electricity in final energy needs to be increased to over 40% by 2050 to limit warming206Cl1.5
(medium confidengeThe current electrification rate globally is abou¥@M®ccelerated electrification
with a combination of fulscale decarbasetion in power supply is one of the core strategies to
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decarborse energy system(Waisman et al. 2019EA 20193 Sugiyama 2012Zou et al. 2015;
Rockstrom et al. 201 T;uderer et al. 20175tudies find a substantially increased electricit®4i@ and
1.5°CpathwaygqRiahi et al. 2017Bauer et al. 2017Clarke et al. 2014Sugiyama 201,2Krey et al.
2014) This includes aggresa electrification of energy end uses, suchvatespread use alectric
vehicles (EVs), and electric heat pumps for water heating and air conditioning.

Depending on resource endowments and regionally specific circumstances, electrification can be direct
or indirect. Direct electrification makes efficient use of domestiedavbon electricity by transforming
enduse technologies (battegfectric vehicles, heat pumps, electric boilers and furnaces). Indirect
electrification via electricittbased hydrogeand synthetic fuels (efuels or power fuels) is less efficient

but allows for importing lowcarbon fuels from countries with abundant low carbon electricity resources
(Fasihi and Breyer 202Fasihi et al. 2018_ehtveer et al. 2019)ndirect electrification pathways shift
transformation requirements from the demand to the supply side compared to direct electrification.

The percentage of electricity producgidbally from variable renewable energgrimarily wind and

solar power, is likely to grow to around-80% (2030%)in 2030 to limit warming td..5°C(2°C) and

reach almost 400% in 2050 to limit warming tt.5°Cor 2°C (Figure6.30). Some authors have argued

that wind and solar could produce close to 100% of electrioityindividual regions or countries
(Hansen et al. 2019but a range of issues surrounding incorporatiorintdrmittent renewable
generation remain unresolved at such high levels of peneti@ixtion 6.6, Box 6.6)Currently
renewables, including solar PV, hydropower, wind and geothermal, supply almost 25% of global
electricity output (Section 6.3). The cdbttion of wind and solar PV in mitigaticscenarios/aries

widely depending on assumptions. Given the strong growth and large resource potential of wind and
photovoltaic, VRE could supply more than 60% of electricity over the period of 2080(Pietzcker

et al. 2016Creutzig et al. 2017)0ther studies suggest thmbre tharB0% to 80% of electricity could

be supplied by nehiomass renewables in 2050 for the 1.5°C scen&tumgelj et al. 2018h)while

some national and regional scenarios from energy system models explore 100% variable renewable
contributiongHansen et al. 201®rown et al. 2018Breyer et al. 2020)

Share of electrification of Final Energy Share of hydrogen of Final Energy

n=289
I <1.5°Cin 2100, no/low overshoot (C1)
B <2.0°Cin 2100 (C3)

60 1 10 1

50 1

__I_-H-ﬁ' :__;;.Eﬂ

2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

%

Figure 6.30 Share of electricity in final energy (left) and share of hydrogen in final energy (right)
(Source IPCC database)

Energy demand and economic development are closely related. Improving energy efficiency is critical
to reducing energy demand without undiimg economic welfarehjgh confidence Energy service
demand is expected to continue to increase, but there is great uncertainty about how much it will
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increasgqRiahi et al. 2017Baue et al. 2017bYu et al. 2018)Given the need to produce lavarbon
energy, the scale of energy demand is a criticali detmant of the challenge of mitigation. Higher
energy demand increases the challenge due to limitedhengy supply options, whereas lower energy
demand increases the feasibility of learbon energy supply systems.

Improving energy efficiency, electyiihg energy services, and developing alternative technologies in
hard to decarbase sectors are key lowarbon strategieshigh confidence Following the power
sector, significant decarbimation is expected in the residential sector, but the indussial
transportation sectors will be decarizmd more slowly and will still involve significant fuel
combustion in 2050Every sector has a range of individual options (see sectoral chapters for more
details). In the buildings sector, electrification aneérgy efficiency improvements are the primary
means for decarb@aion (IEA 20193 Leibowicz et al. 2018Chapter 9)Available low carbon options

are much more limited and costly especially in transport and industry mainly because the potential to
use electricity is limited or immature. In additito electrification, emissions from these sectors would
need to be reduced by increasing technical efficiency, reducing energy service demand, fuel switching
to biofuels, hydrogen, ammonia or synthetic methane. Mitigation options in the future molabty (S
Chapter 10) include the deployment of battery electric vehicles (EV) or hydrogen fuel cell vehicles
(FCV), increased use of biofuels in liquid energy carriers, and fuel demand reduction through changing
behaviorsuch as modal shift to public transpadat using caisharing services and reducing car
weight. EV, FCV and biduels are expected to increase to meet higher transport dé¢Bauner et al.

2017) The industrial sector encompassesidewariety of subsectors and mitigation measures differ

at every subsector from energy and material efficiency improvement, fuel switching, electrification,
deployment of carbon dioxide capture, igdlion and storage (CCUS) to ugittion of hydrogen.

Lifestyle changes can contribute to reducing energy demand without reducing the level of energy
services lligh confidenck Lifestyle andbehavioralchange, such as modal shifts towards more mass
transit, car sharing, moderate heating and cooling levels at homes and dietary changméatlow
healthy food, will all reduce energy demgivhn Vuuren et al. 2018)

6.7.1.4 Technology options to offset residual emissions

CDR technologies could be used to offset emissions from sectors that are diffimdatboise CDR

is likely to be important in limiting warming, but there is substantial uncertainty about the amount of
CDR that might ultimately be deployed for this purpose. In many scenarios, energy sector CDR is
deployed to such an extent that enesggtor CQ emissions become negative in the second half of the
century (Clarke et al. 2014)Several studies suggest that CDR is no longer a choice but rather a
necessary requirement for the 1.5 °C daalderer et al. 2018R0gelj et al. 2015ayan Vuuren et al.
2018;Detz et al. 2018Strefler et al. 2018)rhe use of CDRaries across scenarios and is tightly linked

to future energy demandsower energy demands will put less pressure on the need for CDR. For
exampleRogelj et al. 2018#&und that for 1.5 °C scenarios, lower final energy demand is associated
with the lowest BECCS deployment over the twelinst century 150700 GtCQ, compared to 950

1,200 GtCQin larger energy demand scenarios.

Many CDR options would directly interact with the energy sector, whereas other would not directly
interact, but would, nonetheless have important implications for energy sector transitions by reducing
the emissions burden dhe energy sector. Bioenergy with carbon capture and storage (BECCS) is an
energy supply technology and would therefore be fully integrated into the energy system (see Section
6.4). DAC would use large amounts of energy, but would not be used to supply. &nbroader range

of CDR options would not be associated with the energy sector directly, but their use could alter the
trajectory and timing of energy sector transitions. This includes afforestation and reforestation, biochar,
soil carbon sequestratiprenhanced weathering on land and in oceans, and oceaisdail
(Haszeldine et al. 2018inx and Lamb 2018Creutzig et al. 2019Breyer et al. 201:9Realmonte et

al. 2019 Chapter 7; Chapter 12).
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Both BECCS and DAC are anticipated to be deployed on the demonstratiofbscaash et al. 2019;

Creutzig et al. 2019abut they are integrated differenihto the energy systems. Biomass and biomass

derived fuels are versatile energy carriers capable of substituting or solid, liquid, and gaseou

s fossil

fuels. Biofuels may prove particularly valuable in sectors that are not amenable to the use of glectricity
such as aviation and freight transport. The potential for BECCS is largely dependent on the biomass
supply chain. Large land areas would be required to produce bioenergy at scale, which could have an
impact on food production and biodiversity due to tediavailability of land (Section 6.4, Chapter 7).

DAC requires extensive energy inputs and involves high capital costs. Energy systems based on nuclear

or thermal power plants with CCS, coupled with DAC could deliver low carbon elec{@ciutzig et
al. 2019a) Alternative options include coupling variable renewable energy sources with DA

C to

produce great greater grid flexibility and to take advantage of excess power production. A portfolio of

these technologgecould be an option to dedir negative emissions at scélllaggash et al. 2019)

Box 6.10 Taking Stock of the Energy System Transition

The Global Stocktake is a regularly occurring process under the UNFCCC in which efforts will be
to understand progress on, among other things, global mitigation. Collective progress of cp
towards tle Paris Agreement goal will be assessed and ways to close any remaining gap b
countriesé6 Nationally Determined Contribut
important indicators to understand energy system mitigation progress?

made
untries
etween
i ons

CO; emissions from fuel combustion are the bottom line on energy system progress. Beyond CO
emissions, primary energy demand by energy sources, final energy consumption by sectors, |and total

electricity demand provide a first order assessment of theyesgstem transition. The year at whic

h

CO; emissions peak is also important. The Kaya Identity can be used decompose energy system CO

emissions into carbon intensity of the energy system @Xissions from fossiluel combustion and
industry divided by meergy use), energy intensity (energy use divided by economic output),
economic output. The impacts of energy and climate policy are reflected in the changes of
intensity and energy intensity. Carbon intensity captures dedsabon of energy spply systems, for

and
carbon

example through fuel switching from fossil fuels to fossil fuels, upscaling of low carbon energy

sources, and deploying carbon dioxide removal technologies. The carbon intensity of electricity

important, given the role of thelectricity sector in neaierm mitigation. Economy wide energy

is also

efficiency represents efforts of demaside energy, such as energy conservation, increase of energy

performance of technologies, structural change of economy, development of efficient
infrastructure and increase in electrification of energy end use.

Beyond these aggregate indicators, a second order assessment would explore measures such as the

electrification rate, share of renewables, nuclear, CCS or other low carbon technolotgegitity

urban

generation, and number of EV or PHEV. Consumption of coal, oil and gas, captures the underling
factors of CQemissions. The emphasis of these indicators could differ across countries in the |context
of national specific circumstances. Carborcgs, fuel prices, energy taxes, and energy subsidy ¢ould

be candidates to indirectly assess the level of climate policy stringency. Techrwlpggjectbased
statistics is also useful to check the progress of transition, for example, the number aficliGssf

A critical challenge in the assessment of energy sector progress how to measure societal, institutional,
and political progress. These factors are difficult to quantify, yet they are fundamental determinants of
the ability to reduce emissionsulbtic opinion, special interest politics, implications of mitigation ffor

lost fossil jobs, energy subsidies, and energy policies are all critical indicators of progress. In addition,

while much of the literature focuses on national level action, mitigadiamcreasingly being led by
cities, states, provinces, businesses, and other subnational-patimmal actors. Understanding th
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progress of these actors will be critical to assess energy system mitigation progress. New research is
needed to betterass s t hese fAsocietal 6 indicat omaionalnd t o
actors in mitigation progress

6.7.2 Investments in Technology and Infrastructure
6.7.2.1 Investment needs for low carbon energy systems

Limiting the temperature rise to 1.5 °C would requa rapid expansion of investment in energy supply,
from the current UB 1.8 trillion yr?, to UD 2 -3 trillion yr in 2030, to U® 2.5-4 trillion yrtin
2050 Figure6.31). Limiting warming to 2 °C calls for gradually increasing investment, reachiiy US
1.5-2.5 trillion yr-* in 2030 and UB 2.5-3.5 trillion yr! in 2050 Figure6.31). Investment will need

to be maintained in the second half of the centumgdium confidenge

Total investments in the global energy system was ov& U8 trillion in 2018, epresentingver 2%

of global gross domestic product (GDP) and 8.6% of gross capital formation.-faessilated
investment, including oil, gas, and coal extraction plus fdgell based generation, constituted the
majority of the investment amounted D 0.93 trillion. Renewableelated investment was about
USD 0.33 trillion. Current global investment in lewarbon energy, including efficiency, and electricity
networks is around U0.9 trillion yrt. This will need to be expanded significantly to limit warming
to 2°C or 1.5 °GIEA 2019a)

Global energy investment will need to increase to meet rising energy demands from a growing and
wealthier global populatioThere is a wide range in the evaluation ofah@unt of lowcarbon energy
investment because the future cost of the technology involves great uncertainty and the amount and
composition of the low carbon technology needed to achieve the temperature target varies across
models.McCollum et al.(2018b)surveyed over 240 scenarios and found that average annual energy
investment needs over the 202650 period n those scenarios would ladout U 2.5 (1.93.0)

trillion yr-* assuming no additional efforts to address climate change beyond those of today. On the
other handlimiting temperature change t5°Cwould require U® 3.4 (2.44.7) trillion from 2020

through 2050, and U3 3.0 (2.24.1) trillion investment needs annually for the 2 °C. They are larger by
22% and by 36% respectively compared to the investment needs in the baseline seexhaniet al.
2019estimated overall energy investment requirements for the transition tecatban energy system

to be aboutSD 3.43 trillion yr! from 2015 2050 on average witHSD 0.77 trillion of the incremental
investment associated with the transiti@ielen et al. 2019)According to (IEA 2019) energy
investment needs to limit warming to wékklow 2 °C will be UB 3.2 trillion each year from 2019 to

2040 on average, increasing by more than 70% from today, although part of this additiestahémy

is counterbalanced by reduced fuel cdEs\ 2019)

Reducing CQ@emissions from the energy system will require increased psegtor investment. As

the share of variable renewable energy generation such as wind and PV increase, it will be necessary to
increase investment in the grid to integrate these sources. Therefore, changes to the investment portfolio
will be required in ddition to scaling up investment in the energy supply sources. If warming is only
limited to over 2.5°C, energy supply investment in upstream fossil fuel extraction will continue to
expand in order to meet growing energy demand. Investment in thermalyithaéso keep increasing.

In contrast, if the temperature increase is limited to 1.5 °C (2°C), investment in 2030 in upstream fossil
fuels and thermal power will be abdu§D 0.35 (0.25) trillion less than in 2010, while investment in
nonfossil fuel pover generation will b&SD 0.75 (0.7) trillion more and investment in the grid will be

USD 0.55 (0.5) trillion greater(Figure 6.32). IEA (2019) supports the importance of electricity
investment. In thaanalysis, the largest increase in supply side investment comes from renewables
based power generation, which adds upJ8D 0.5 trillion each year over the period between 2019
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2030 and ovetJSD 0.7 trillion between 2032040 respectively. Investment ins&l fuel power
generation still continues, but about half of this spending is associated with CCUS technologies.

Total energy supply investments across scenarios

<1.5°Cin 2100 (CO, C1, C2)
<2.0°Cin 2100 (C3)
<2.5°Cin 2100 (C4, C5)
>2.5°Cin 2100 (C8, C7)

10000 -

i1

8000 -
6000 A

4000 A
2000 -

v T v v y
2010 2030 2050 2070 2100
year

billion US$2010/yr

Figure 6.31 Total energy supply investments across scenarigSource: AR6 Scenario Database)

Shifting energy investment portfolio for delivering ragidcarboisation in the economy could have
global distributional impacts. It will entail a major job reallocatiomfremissioAntensive sectors to
low-carbon industriedMcCollum et al. 2013. A broad array of technology, labor, and industry policies
would be a key to deliver a just transition.

Median change in investments: 2030 compared to 2010

I Extraction|Fossil

1200 - Electricity| Transmission and Distribution
Electricity|Non-fossil
1000 B Electricity|Fossil

800

400 -

billion US$2010/yr

200 1

0+
=200 - -

-400

Figure 6.32 Changein investment profile, 2030 compared to 201{IPCC Scenario Database)

All regions will need to increase clean energy investment, but changes in investment patterns will vary
by region bigh confidenck In Latin America, the Middle East, and Africa, tstengency of climate
targets will not change the total amount of energy investment significantly, but the investment portfolio

Do Not Cite, Quote or Distribute 6-109 Total pages203



O© O ~NOUL WNPRF

[
(BN )

PR RERPRERRER R
©oo~NOOUThWN

20
21

22
23
24
25
26
27
28
29
30
31

Second OrdeDraft Chapter 6 IPCCARG6 WGIII

will shift. In contrast, in OECD countries and Asia, more ambitious climate goal not only change the
investment portfolio, butlso increase the overall amount of energy investntégti(e6.33; Sun et al.

2019) There are important differences across countries in terms of basic energy needs, energy supply
structures, and consumption patterns. Theseemeonsible for the divergence in their investment
landscapes and associated ng@da 2019) Currently 90% of energy investment is concentrated in
high- and uppemiddle income countries, but investment needs to grow in thayfasting lower

middle and lowincome countries. The investment to ensure universal energy access, especially for
electicity access, could amount 5D 45 billion yr! between 2019 and 20BEA 2019) Low energy
expenditures are associated with highl arcreasing economic growth raigszaine and Court 2016;

Zhou et al. 2019)Investments in efficiency are important to mirseenergy expenditures without
hindering economic development

The low-carbon transition will require a largeealemobilisation of all sources of investment. Given the

size of the investment, leearbon energy investments need to be financed through deisamgahe
economywide infrastructure investmennhcreasing low carbon investment primarily requires shifting
existing capital investmeriiMcCollum et al. 2018ayather than creating new pools of ikapIn light

of the current annual fixed capital investment oD.E%.7 trillion, the investment gap is not due to lack

of capital in the global economy and could be covered Hirghexisting capital investment to low
carbon investment. Low carbon energy systems will require significant investment, but this is a part of
the fixed capital formation investment in the landscape of the ecorf@ranoff et al. 2016)
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Figure 6.33 Annual average energy investment by regiofIPCC Scenario Database)

Private sector investment is essential to scale upchnwon investments. This will require removing
barriers and creating an enabling environmhigi(confidencg(Chapter 15Zhou et al. 2010 In order

to mobilse private capital, development of attractiw@nditions for lowcarbon investments is crucial,
especially in countries where investment risks are (8ghmidt 2014)Addressing investment barriers

to facilitate access to financing for climate technologies is also required. There is a wide range of
barriers to lowcarbon investment, including currency and political risks, competition with other
investment needs, and lack of knowledge. Removing these barriers will helpseioisince(Hafner

et al. 2019) Low-carbon energy investments argually risk sensitive. Climate policy would decrease
such downside risks and would help redirection of investment flow from fossil fuels to renewables.
Private funding is very sensitive to risks, such as market distortion, currency risk that may create
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unpredictable losses, and political instability, serid&ing is effective in expanding investment in low

carbon technologigdVaissbein et al. 2013Steckel and Jakob 2018enewable energy technologies

are much more sensitive to the increase in financing costs because renewable energy sources, such as
concentrated solar power, photovoltaic, wind, are highly capital intensive, while fossibiezl plants

are dominated by fuel cogschmidt 2014)

Despite huge variation in risk profiles across countries, most of the integrated assessment models
assume uniform investment riskbnon-uniformities in investment risks are taken into consideration,
mitigation cos$ could be more expensive than it would be in a world with uniform investment risks
(Akimoto et al. 2012)Heterogeneity of risks across regions and technologies has a considerable impact
on the assessment of investment profilgsr et al.(2015)found that noruniformities in investment

risks lead to a 36% reduction globally in investments in-dawbon technologies whereas fodsil
investments increase by 11%.

6.7.3 Energy System Lockin and Path Dependence

Path dependences idefined as inertia to largeeale changes by resistance due to favorable -socio
economic conditions. Carbon loakis a specific case of path dependef8=to et al. 2016)Given that

energy system mitigation will requirev@ajor course change from recent history, totks an important

issue for energy system mitigation. While laokis typically expressed in terms of physical
infrastructure that would need to be retired early to reach mitigation goalsn|ankreality, involves

a much broader set of issues that move beyond physical systems and into societal and institutional
systemsTable6.10).

Table 6.10 Lock-in types and typical mechanismgKotilainen et al. 2020)Reproduced under Creative
Cotablanmons 4.0 International License.

Table 1 Lock-in types and typical mechanisms

Type Primary lock-in mechanisms References
Technological (and Economies of scale Arthur (1994), Hughes (1994),
infrastructural) Economies of scope Klitkou et al. (2015)
Learning effects David (1985), Panzar and Willig
Network externalities (1981)
Technological interrelatedness Arthur (1994)
David. (1985). Katz and Shapiro
(1986)

Arrow (1962), Arthur (1994), David
{(1985). Van den Bergh and Oost-
erhuis (2008)

Institutional Collective action Setoetal. (2016)
Complexity and opacity of politics Foxon (2002), Pierson (2000)
Differentiation of power and institutions Foxon (2002)
High density of institutions Pierson (2000)
Institutional learning effects Foxon (2002). Boschma (2005)
Vested interests Boschma (2005), Lovioet al. (2011)
Behavioral Habituation David {1985), Barnes et al. (2004,
Cognitive switching costs Zauberman (2003), Murray and
Increasing informational returns Haubl (2007)

Zauberman (2003), Murray and
Haubl (2007), Van den Bergh and
Oosterhuis (2008)

6.7.3.1 Societal and Institutional Inertia

A combination of demandide factors user business, cultural, regulatory, and transnatiertahder
energy transitions consi stent T evert ih ealy/fdmabve . Str
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conditionsi can exercise lasting impacts on energy systems, producing inertia, which can cut across
technological, economic, institutional and political dimensiohigh(confidence(Vadén et al. 2019)
(Rickards eal. 2014)

Energy systems are paradigmatic of the ways in which massive volumes of labor, capital, and effort
become sunk into particular institutional configuratigBsidge et al. 2013Bridge et al. 2018)A

number of embedded factors affect laggale transformation of these systems and make technological
diffusion a contested process:

0 User environmentsaffect puchase activities and can involve the integration of new technologies
into user practices and the development of new preferences, routines, habits and even values
(Kanger et al. 2019)

Business environmentscan shape the development of industries, business models, supply and
distribution chains, instrument constituencies and repair faci{Biésnd and Howlett 2016)

Culture can encompass the articulation of positive discourses, narratives, and visions that enhance
cultural legitimacy and societal acceptance of new technologies. Regulatory embedding can capture
the variety of policies that shape production, markets and usewftechnologies, e.g. safety
regulations, reliability standards, adoption subsidies, demonstration projects, and infrastructure
investment programs.

Transnational community can reflect a shared understanding in a community of global experts
related to n& technologies that transcends the borders of a single place, often a country.

(@]

¢

¢

While radicallow carbon innovation involves systemic chaii@eels et al2018) these are typically

less popular than energy supply innovations among policymakers and the wider public. Managing low
carbon transitions is therefore not only a techramagerial challenge (based on targets, policies and
expert knowledge), bwtlso a broader political project that involves the building of support coalitions
that include businesses and civil society (moderate evidbigteagreemeint

Radical low carbon innovation involves cultural changes extendiegond purely technical
devdopments to include changes in consumer practices, business models, andaagah
arrangementsThe development and adoption of lmarbon innovations will therefore require
sustained and effective policies to create appropriate incentives and sijyeonnplementation of

such policies entails political struggles because actors have different understandings and interests,
giving rise to disagreements and conflicts.

Such innovation alsimvolves pervasive uncertaindyoundechnicalpotential, cost, consumer demand,

and social acceptancsuch uncertainty carries governance challenges. Policy approaches facing deep
uncertainty must protect against and/or prepare for unforeseeable developments, whether it is through
resistance (planngnfor the worst possible case or future situation), resilience (making sure you can
recover quickly), or adaptation (changes to policy under changing conditions). Such uncertainty can be
hedged in part by learning by firms, consumers, and policymakeril $deractions and network
building (e.g. supply and distribution chains, intermediary actors) and the articulation of positive
visions, such as in loagrm, lowemission development strategiedl play a crucial role. This
uncertainty extends to thepacts of low carbon innovations on energy demand and other variables,
where unanticipated and unintended outcomes are the norm. FEorcigstapid investments in public
transport networks could restrict car ownership from becoming common in developimges(Du

andLin 2017)

6.7.3.2 Physical Energy System Loek

Continued exploration of fossil fuels, as well as commissioning of infrastructure reliant on it has
overcommitted 50000 GtCO,and created significant ri sks for
(Callaghan 2020}high confidence These combined with emissions from proposed infrastructure
exceed emissions r equi rmedlumtcanfidéngemne targestssegménnoj t o 1
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committed emissions from existing infrastruetis from coal and gas fired power plants which account
for 200-300 GtCO; (Tong et al. 2019Smith et al. 2019)The lifetime of these plants is also high i.e.
40-50 years, creating long lasting risks to climate g@aigckson and Tempest 2013hdustry sector
lock-in amounts for >100 GEO, while buildings and transport sector together contribute another 50

100 GtCOQ..

Lock-in is also important for fossil fuel resources. Both coal and gas exploration have continued, and

new permits are being issued, which may cause econgrickson et al. 2018)sawell as non
economic issues, such as legacy methane emig8oesicher et al. 2019}t is projected that higher
cost, yetto-produce resources, are most likely to increase carboritodkiis would likely lead to
further scaleback d capitatintensive oil investments and especially to a substantial-baale of
capital investment in onshore tight oil product{&mickson et al. 2015)

While the power sector is a larger source of carborrieclock-in in urban and transport sect@ae
significantly more complicated due to strong seiastitutional effects. Longerm improvements

would entail significant notechnological challenges as well with behavioral change issues (interaction

of market, industry and society). This is impoittéo consider since urban infrastructure will commit
roughly 14 GiCO; annually (Erickson and Tempest 2015 roadly, urban environments involve

infrastructural, institutional, and behavioral leitls (Urge-Vorsatz et al. 2018)

Carbon is unevenly distributed. China alone accounts for around 40% tohe wor |
emission from infrastructure, with the US, India and EU accounting for roughly 15% leigbh (
confidenc® Four mature industrieded countries USA, EU, Japan, and Australidogether account
for around a third otommitted emissions, even though their share in current annuaisGfiuch

greater. The disproportionately high share of committed emissions in emerging economies is due to fast

dobs

growth in recent years resulting in a comparably young fbssied infrastruare system with
substantial remaining lifetimghearer et al. 2017Matureindustrialsed countries tend to have older
infrastructures, part of which will be up for renewal in the near fufliomg et al. 2019)Coalfired
power plants currently planned or under construction are associated with an additional -€300 Gt
of which ~75% and ~10% atecated in Asia and the OECD respectiv@eiffer et al. 2018)

100
90—
80
70—

50
40
30 ot
20
10

Annual emissions (Gt CO2 y-1)

historical

2000 2010 2020 2030 2040 2050 2060 2070

future .

60 — infrastructure ’7&
”

existing

infrastructure

-~
-

s’
RCP8.5,¢
#

-

e

Figure 6.34 Annual emissions from existing, poposed and future infrastructure (Tong et al. 2019)

Despite projected needs to reduce fossil fuel usage and thdawetied benefits arising out of proposed
coal phaseout plar(tiu et al. 2193 PortugalPereira et al. 2018Rauner et la 2020) both coal and
gas power plants have continued to be commissioned gldelyell et al. 201;.9Jakob et al. 2020
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Section 6.3), most notably in China and other Asian countries. In many regions, they exceed the needed

capacity(Shearer et al. 2017)

Existing policies and the NDCs are insufficient to prevent a further increase ofimckarbon kigh

confiderce) (Bertram et al. 20%;%Jchnson et al. 2015Luderer et al. 2018Pesigning policy to prevent

lock-in requires accountingf the role of time; that is incorporating the differencegben shorterm

and longterm interventions. Delays in mitigation will exacerbate lock in and could result indaade

stranded assets from early retirement if stringency is subsequently inc(Base@l.11). Nearterm

implementation of stringent GHG tigjation licies and riskfree returns to business investments are
likely to be most effective in dealing with carbon ldokHaelg et al. 20L8Accordingly, current

invesment decisions are critical because there is limited room within the allotted carbon budgets of

1.5°C and 2C (Rosenbloom 201Xalkuhl et al. 2019) This is because individual interventions that
might enable behavioral changes in the stewh need to be compatible with larger industrial scale
policy changeqSeto et al.2016) Such policies should also consider different energy transition
strategies as a result of different resources and carbon budgets between ¢Bastaes Gupta 2018;

Lucas 2016)

Nearterm policy choices are particularly consequential forgastving economies. For the example

of India, (Malik et al. 2020) exploring scenario seilts from national and global models, show that coal

capacity in India is expected to increase until 2030, along with rapid deployment of wind and solar PV
power. However, 13237 GW of coal capacity would be stranded after 2030 if India were to pursue an

ambitious climate policy in line with a weblelow 2°C targetin China,Wang et al. 2020showed that
930 GW of coal power plants would need to be retired early in a scenaricattsfretm the NDC in

2030 and transitions to a 2 °C compatible pathway therehfteatin America, the comparable result
is 6.9 Gt CQwhen counting all existing power plants, and another 6.7 Gt when adding all announced,

authoised, and procured power plants up to 206BonzalezZMahecha et al. 2019)A number of
strategic choices may be made to reduce the cddokrin within largescale infrastructure such as
power plants, including reducing fossil fuels subsidigex 6.3), building CCSready facilities, or
ensuring that facilities are appropriately designed for fuel switafBndinis et al. 2018)Substantial

lock-in may necessitate considerable deployment of CDR to compensate for high cumulative emissions.

Past and present energy sector investments have created technological, institutional and behavioral path
dependencies aligned towards coal, oil, and naturahggts ¢onfidence Moving away from these will

require financial investments as well as sewilitical reforms for carbon mitigation, which may
include reduction of fossil fuel subsidies (that eve+=of the global GDP) or creating societal readiness
towards electric vehicle@-ouquet 2016)In several emerging esomies, large projects are planned

that address poverty reduction and economic development. For instance, economic development

without dedicated policies will inevitably lead to large coal infrastructure inS&laran Africa
(Steckel et al. 202QJoshua and Alola 202Q)Similarly, a majority of COVIB19 recovery fundsre
apportioned to fossil fuelSEI 2020) These new path dependencies may create-sharteffects such
as energy resilience, reduced cost of electricity and high employme(Raateer et al. 202@®atrizio
et al. 2018) In the longer term, this will lead to carbon leck Moreover, several coal mining
communities, have significant health and economic burdens thus creating

incentives for

decarborsdion. This demostrates that path dependencies have more sustainability effects than simply
carbon emigsns. GeeBox 6.2 and Section 6.7.7).

Box 6.11 Stranded Assets

Stranded assets can be broadly defined as assetsiwhiahf f e r

of f s, downwar d

the shift in the methods of energy production from caiibntensive to lowcarbon or zer@mission
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sour@s shift could result in the stranding of carliotensive assets before the end of their expe
lifetime. The issue of stranded assets is important because they could create risks for financig
stability which in turn could create risks for ma&oonomic stability(Mercure et al. 2018)
Additionally, stranded assets could also result in a rapid loss of wealth for the owners of affecte
assets, potentially creating political economy riskduding avoidance of mitigation actidivogt-

Schilb and Hallegatte 201Ploeg and Rezai 2020%tranded assets could manifest themselves in
forms: fossitfuel resources that cannot be burned, and pramattirement of mamade capital asse
(e.g. power plants) due to climate policies.

If warming is to be restricted to 2°C, about 30% of oil, 50% of gas, and 80% of coal reserves will
unburnablgMeinshausen et al. 200Beaton 2011Leaton Ranger 2013/cGlade et al. 2038Bauer
et al. 2016Pye et al. 2020RENA 2017)(high confidenck Significant stranding of energy reserv
would occur in countries that have large oil, gas and coal reserves such as Australia, Brazil,
Indonesia, Mexico, the Russian Federation, Saudi Arabia and South MRENA 2017) High

stranded asset risks have also been suggested for Chinese coal production, and the crude o
the Middle East and Latin Ameri¢Ansariand Holz 202Q)

In addition, restricting warming to 2°C could require premature retirements of fossil fuel power
of about 200 GW per year globally after 2030 even if countries were to achieve their NDCs al
(lyer et al. 2015; Jomson et al. 2015tyer et al. 2015b;Fofrich et al. 202p (high confidencg
Consequently, coalind gadired power plants need to retire respectively about 25 and 30 years
than historically has been the case to limit warming to 2°C and 1&dCet al. 2019fofrich et al.
2020) Since the economic value of capital depreciates over its lifetime, the risks of stranded
plants are greatest icountries with large amounts of newer fossil infrastructure. In China and
the power sector is expected to have the largest share (about 50%) of total stranded asset vi
stranding is expected to be concentrated in the buildings sect@viioged countriedRENA 2017)

The combined economic impacts of stranded fossil fuel resources and capital could amount ta
of dollars high confidence(Battiston et al. 20175en and von Schickfus 202Binsted et al. 2020
This could resulting in a cumulative discounted glokealth loss of US 1i 4 trillion between 2015
and 205Q(Mercure et al. 2018\nd a cumulative undiscounted loss ofJ83-20 trillion during the
sane period(medium confidendgIRENA 2017) Strandd assets could also imply challenges

investment needsespecially in the power sectbrs prenature retirements of fossil fuel power pla
would need to be accompanied by deployment ofdavibon technologies to meet demand. Limit
long-term warming to 2°C could require about&D 1 trillion of power sector capital investments f
year globaly beyond 2030 which is about four times the rate of investments observed histolyeal
et al. 2015 Eom et al. 2019yicCollum et al. 2018Kriegler et al. 2013)Limiting long-term warming
to 1.5°C could require even faster rates of investnienp to an additionalUSD 1 trillion yr?

(McCollum et al. 2018b)

Stranded asset risks could be reduced by strengthening mitigation in therneas fossil fuel base
energy production would decrease under gfno@arterm mitigation policies and hence, there wo
be fewer assets to strand in the fut(@d®hnson et al. 201Bertram et al. 2018jhigh confidenck

Strengthening the NDC pledges could decrease stranded assets in the power sector by more
(lyer et al. 2015)In contrast, if countries delay mitigation and do not achieve their NDCs, catch
with cumulative emissions budgets beyond 2030 could resulipirto double the stranding

corresponding to about 9 trillion (undiscounted, cumulative from 2015 to 2050) worth of add
stranded asseiscompared to a scenario in which countries achieve their NDCs as @je&tedt al.
2015;Kriegler et al. 2013Binsted et al. 202QRENA 2017)

Stranded asset risks could also be reduced by retrofitting fossil fuel based power plants with
has been suggested that CCS could reduce hundreds of gigawatts strand€@ladsetsd Herzog
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uncertain, deploying large amounts of CCgarticularly with bioenergy could create a number of
tradeoffs (Calvin et al. 2014)

6.7.4 Fossil fuels in transition

Global fossil fuel use will need to decline by an average of around 6%/year through 2050 to limit
warming to 1.5€C (medium confidenggthis will require a reversal imvestment and construction
patterns for coal, oil and galigh confidenck Fossil fuels account for about 80% of primary energy
today. In 1.8C and 2C scenarios, fossil energy provides around 38%b6@®) and around 55% (41

73) in 2050 (AR6 database€lhe timeline for reducing production and usage varies across different
fossil fuels due to their different carbon intensities and the different applications in which they are used.
Construction of new coal infrastructure may jeoprdchieving the 1.5°@rget(Spencer et al. 2018
Compared to coal, oil and gas extraction is more profitable and egpéasive. This is why strong
financial interests pose barriers and keep capitahsive oil resources in production, even if policy
efforts and social orgas#ions call for a transition away from @frickson et al. 2017)

There is large ambiguity in the extent to ehfossil fuels with CCS would be compatible with the 2°C
and 1.5°C targetsr{iediumconfidencg As inclusion of CCS increases, the share of fossil energy use
increases under stringent climate restrictions while the GDP losses also (Mdduatri et al. 2016;
Marcucci et al. 2019)However, there is lack of consensus on the degree to which CCS could delay
fossil fuel phaseout in 2/1.6 transitions. While some studieshow fossil fuels with CCS to be
significant in energy mix by 205&oelbl et al. 2014Eom et al. 201§Yishwanathan and Garg 2020)
others show that unabated coal retirement far outpaces the deployment of coal WiBuGiGiS et al.

2018; Xie et al. 2020)Moreover, several models also project that with availability of Céapture
technology, BECCS might becomimificantly more appealing than fossil CCS even before 2050
(Luderer et al. 2018)

Figure 6.35 Mid -century pathways for fossil fuel phaseou{SEI 2020)

Global coal consumption needs to be largely eliminated by-2080 to limit warming to 1.5°C, and
20502060 to limit warming to 22 (high confidence Any new coal infrastructure beyond 2025 would
likely be inconsistent with 1.5°C targetsdh confidencl Coal use is anticipated to decline in the US
and Europe with complete phaseout likely before 2035 based on other sources dperamigconomic
(Oei et al. 202Q)Grubert and Brandt 2019In several developing economies, the low age of the
electricity fleet would make a complete phaseout before 205uodsbitive (Garg and Shukla 2009;
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