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Highlights
o ExxonMobil’s public cimate change messaging mimics
tobacco industry propaganda

& Rhetoric of climate “risk” downplays the reality and
seriousness of climate change

+ Rhetoric of consumer “demand" (versus fossil fuel supply)
individualizes responsibility

» Fossil Fuel Savior frame uses “risk” and “demand” to justify

fossil fuels, Blame customers
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In brief

This is the first computational
assessment of how ExxonMobil has used
language to subtly yet systematically
frame public discourse about climate
change. We show that BExxonMobil uses
rhetoric mimicking the tobacco industry
to downplay the reality and seriousness
of climate change, to present fossil fuel
dominance as reasonable and inevitable,
and to shift responsibility for climate
change away from itself and onto
consumers. Qur work s relevant to
lawsuits, policy proposals, and
grassroots activism seeking to hold fossil
fual companies accountable for
deceptive marketing.
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SCIENCE FOR SOCIETY A dominant public narrative about climate change is that “we are all to blame.”
Another is that soclety must inevitably rely on fossil fuals for the foresesable future. How did these become
comventional wisdom? We show that one source of these arguments is fossil fuel industry propaganda. Ex-
xonMabll advertisoments warked to shift responsibllity for global wamming away from the fessil fued industry
and onto consumers. They also said that climate change was a “risk,” rather than a reality, that renewable
anarngy is unreliable, and that the fossil fuel industry offerad meaningful leadership on climate change. We
show that much of this rhetoric ks similarto that used by the tobacco Industry, Our research suggests wam-
ing signs that the fossil fusd industry is using the subtle micro-politics of langusge to downplay its robs inthe
climate crisls and to continua to undermineg climate litigation, regulation, and activism.

SUMMARY

This paper investigates how ExxonMobil uses rhetoric and framing to shape public discourse on climate
change. We present an algorithmic corpus comparison and machine-learning topic moded of 180 ExxonMabil
climate change communications, including peer-reviewed publications, internal company documents, and
adverlorials in The New York Times. We also investigate advertorals using inductive frame analysis. We
find that the company has publicly overemphasized some terms and topics while avoiding others. Most
notably, they have used rhetoric of climate “rigk™ and consumer energy “demand” to construct a “Fossil
Fuel Savior” (FFS) frame that downplays the reality and seriousness of cimate change, normalizes fossil
fuef lock-in, and individuafizes responsibility. These patterns mimic the tobacco industry’s documented
strategy of shifting responsibility away from corporations—which knowingly sold a deadly product while
denying its harms—and onto consumers. This histarical parallel foreshadows the fossil fuel industry's use

of demand-as-blame arguments to oppose litigation, regulation, and activism.

INTRODUCTION

In previous work, wa have shown that Exxon, Mobil, and Exxon-
Maobil Corp mislad tha public about anthropoganic glkebal warm-
ing {AGYY) by contributing to climate schence throwgh academic
and internal research, while promoting doubt about it in adverto-
rials and other propaganda.* {Wa refer to Exxon Corporationas
Exmon, Mobil Oif Corporation as Mabd, Exxonbobil Corporation
as Exnonhobil Corp, and generically rafer to all thres as Exxon-
Mobil) We have also observed that, starting in the mid-2000s,
Exxonhobils statemants of explich doubt about elmatesciance
and i&s implications (for sxample, that “thers does not appear to
bea among scentists about the effect of fossil fusl
wse on clmate™) gave way o implict acknowledgments
couchad in ambiguows statermants abowt clmate “risk” {such
s discussion of lower-carbon fusls for “addressing the risks

One Earth 4, 1-24, M
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pozed by rising greanhouse gas emissions,”” without mention
af AGW). This invites resaasch as to how, beyond outright disin-
formation, Exconbobil may have employed rhetoric and framing
to construct misleading public neratives about AGW, Hera, we
taka up this quastion.

"Framing”™ is & term of art in communications science that re
fors 1o how an issue ks portrayed and understood.” ' Frames
construct meaning by selecting “soma aspects of a perceived
raalty” and making tham “more salient in & communicating
text, in such a way as to promote a particular problam definition,
causal interpratation, moral evaluation, ard/or reatmant Fecam-
mendation,” ” [Here and throughout, we strictly refer to
“gmphasis frames™ rmather than “equivalency frames.”)’
Analyzing which frames are present and absent in public
discourse halps to reveal how actors have tried to shapa policy
dabates by setting agandas and legitimating certain participants

21, 2021 22021 The Authar(sh Pulished by Esever inc. 1
licenae (Mip:/orealvecommons. ong/ censeshy-mo-nad. V).
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and resporses, whils dscouraging or preciuding othars,™ ™
Framing of responsibility, for example, can determing whether
sociaty calls wpon individuale, industry, or governmant to take
action.'”

O of the tossd fusl industry's primary AGW framas has been
scinntific uncestainty,”” Reseerchers hane docurnented in detail
industry’s over-amphasks of uncertainty to deny climate science
and dalay action.'="" *" Subtler forms of rhetaric and framing,
which dominate today's AGW dscourse, are only just beginning
to recaive similar attention, " Fossil fual interasts have spant
billons of dollars en AGW public affars, yﬂthﬁrmler in perpet-
uating these narratives is underaxploned. ™

in this paper, we analyze how ExxonMobil has publichy
constructed AGW fames by selectively emphasizing some
terms and topice while avoiding others. Our analysis com-
pares the terms and topics betwean ExxonMobil's differant
AGW communications, including peer-reviewad publications,
internal docurnants, and paid, editorial-style  advortise
mants—knewn as advertorinls—published on the Op-Ed
page of Tha Mew York Timaes [NYT). We also identify frames
in the lather, These wall-defined, longitudingl corpora are
conducive to o rigorous case study of fossil fuel industry
messaging on AGW.

Owr atudy offers the first compatational assessment of how
ExxmonhMebil has used languags to frama public discoursa about
AGW, By bringing to bear the mixed-methods of computational
linguistics and ind uctive frame analysis, our results add to (1) an-
alyses of ExxonMobs public affairs practices,™ " (2} qualita-
tive accounts of tha company's AGW communications, ™'
and {3} the application of digcourse and {aigorithmic) content
analysis to AGW communications by Exxonhobd and the wider
climate countsrmovamant,’- ' EERSEET g spiguany —
that i, quartitathes, statistiesl, and macroscopic — reading of
ExxonMobil's AGW communications offers three practical
advantages.”” First, @ complements the qualtative andfor
manual mathodologies previously applied to the AGW comemuni
cations of Exxonbobil and other fossi| fuel interests, and cormob-
orates our prior work, which used manual coding to demonstrate
systematic discrepancies between ExxonMobil's private and
public AGW commanications.’~ Sescond, automated methods
of textunl anakzis allow detection of broad, sametimes subtle,
patterng of language that would otherwse be unoitainable.
Third, by using existing corpora to establish the application of
computational techniques to the analysis of AGW discourse,
wa help demonstrate the efficacy of thase approaches, which
rasaarchers will be able to wse to analyze the lange numbars of
docurnents that lawsuits against fossil fuel companies are
anticipated to genarate.

Ouwr analyeis ks the first computatienal study illustrating how
the fozail fusl industy has ancouwragad and embodied AGW
narratives fixated on indididunl responsibilty, Our findings
comoborate the insights of qualitative discowse analyses about
the role of fossil fusl interests, and add to what Kent™ has
called an “under-theorised™ understanding “of why contemps
rary interest focuses on individual responsibilty for climate
change. """ In 2o doing, this work haelps 1o decrypt the fossil
fuel industry's playbook of climate dalay framings, iluminating
how sense-making schama conveyed by subtle yat systernatic
deploymants of languags may have “penatrated  publie
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discourss to bacoma naturalized as common sensa or wnfortu
nate realities.” " Although mizleading frames that deceive
the puble may be defended on First Ameadment grounds,
the history of tobacce Iitigation shaws that a misleading frame-
work may alse be held in some circumstances to be part of &
pattern of fraudulent activites, Qur work may, therefors, be
relgvant to ongoing lawsults against ExxonMobil alsging
“decaptive marketing” and “greanwashing.” as wall as to calls
for policymakers to ban fossil fusl industry advertisamants or
require that they comae with tobacco-style waming labals.™ ™
Our research also adds to an espanding seholary and journal-
istic AGW Merpture—spanning emissions accounting and
extrema  weather attribution;”" supply-side poficy anal-
yeis;™ " decarbonization theory; ™ the history of climate
denial, lobbying, and propaganda by fossil fuel interests;’™ "
athical philgsophy:™*** and climate fitigation™ " — challanging
the zeitgeist of individuniized responsibility. Finally, this study
contributes to broader literatures on discourse and contant
a " "' corporate ssue managemant and advocacy mar-
keting:™""" ™ and tha cross-pollination of corporate strategies
of public affairs, litigation, and decef, ™79

Wa adopt @ mixed-method, computational approach to
rhetorical frame analysis of 180 BExxonMobil documents
praviously compied for manusl content analysis; 32 Imamﬂ
company documants #19”-'2002 from ExxonMobd Corp, "
InsideClimate News, ™ and Climate Imvestigations Centar, ™
72 paer-roviewed publications {1982-2014; from Exxoniobil
Corp),'™ and 76 advertorials in the NYT expressing any posi-
tions on AGW (real and human caused, serows, or sokable)
{1972-200%; from PolkuterWatch and ProQuest). ™ '™ To our
knowiedge, these constitute all publicly available nbernal and
peer-raviewad  ExxondMoblil  documants  concerning  AGW,
including thosa made availsble by the company. They ako
Inchuda all discoverad ExxonhMobd advertorials in the NYT taking
ary posiions on AGW. These corpora thus offer Bound sets
reflacting ExxonMobil’s internal, academic, and public AGW
communications, respactivaly,

Following taxt pre- processing and wectorizaton into docu-
ment-term matrices, we first use frequency score (FS) and
Dunning Log likelibood (LL) ratio conpus comparison algorithms
to idantify statistienlly distinetive keywerds [ divergent terms")
that halp locate rhatorical framaes. ©" "' Tha FS indicates how
often a ghvan term appears In corpus A varsus corpus B (ac-
counting tor corpus sizes), and ranges from O lonly In corpus
A} to 1 fonly in corpus B). Tha LL ratio (G7) indicates the statis
tical significance of the relative frequencies of a givean term be-
tween corpora A and B, and ranges from large and negative
(term is disproportionately common in corpus A) to large and
positive {deproportionately common In corpus B). Second,
wa complement this approach with latant Dirchlat alloeation
(LAY topie modeling to identity etatistizally distinetive, themat-
Ically conmected texts and vocabularies {“dhwargent toplcs™),
which are commonly equated to aither frames or frame ale-
mants, """ Third, we inbegrate these guantitative tooks into
an inductive, qualitative approach to constructing frames as
“frame packages” in advertoriak.’ """ ' In the discusaion,
wa axaming the congruance ufouﬁﬂlngswiﬂllm tobacts in-
dustry’s rm'r.uncd strategias in  public relations and

0,106,710,
T
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RESULTS

Intha section entitted “dvergent tarms and fopics,” we compara
divergant terms and topics between pairs of document cate-
gores, In “rhetorical frames,” we summarize the findings of
frama package analyss of advertorials: thres deminant frames
communicated by 11 constituent discowrses. Other sactions
than focus on two of these conplemantary discourses,
“discourse of climate risk™ and “discowrse of individualized mne
spons/biey.” and analyze how they work alongsida other dis-
coursas o construct one specific frame, Fosall Fuel Ssvior
{FF8) {"FF5 frama™},

Divergont torms and tepies

Table 1 presents a selection of highly divengent tanmeg in Exxon-
Maobidl Corp advertorials versus Mobil advertorials, as identified
by LL and FS. Likewise, Tables 2 and 3 compare highly diver-
gent tormd between all advertorials (Mobil ples Exxonhobil
Corp} and, respactivaly, Exxon intemal documents (Table )
and ExxonExxenbobil Corp peer-revinwved publications {Tabls
B, In all threa tables, the highest (G%-scoring terms, marked
with msterisks, are suggestive of distinctive themes around
which we group other relevant terms. These thames closaly
msamble the divergant topics shown in Table 4, which emerge
from LL anabysis of our LDA topic moedel solutions & all adver-
toriats (top half of Table 4) and n combined inteenal and peaer-
raviewed documents ([bottom hat). The top 20 words assoc-
ated with each toplc are listed, together with assigned topic
labalg.

Mobil varsus ExxoniMobll Corp advartorinls

Wa have previoushy shown that bath Mobi and ExsonMobil Corp
advartorials often promoted doubt sbout climate sclance.’™
Tarms conveying explict doubt are therafore comman to both
corpora, and so do not appear in Teble 1 ifor examples, see
82,1, supplemantal information). This wndercuts Exxonbobil
Corp's suggestion that only Mobd, not ExxonMobil Corp, pro-
mated doubt.™ Both did. Morsover, when Exxon and Mobil
mergad in 1999, Exxonhdobil Corp inherited legal and moral re
sponsibility for both parent companbas.

Comparison of advertorials over tima can neverthaless be
nsightfulin revaaling other thaterical trands, In this regard, Mobil
and ExcionMobil Corp advertorial corpora serve as wall-dafined
longhtudinal proxies.

Table 1 shows, for axample, that earlier, Mobil advertorials
disproportionately contested climate science head-on, discus
sing emissions) of COWearbon dioxida and the global warming
affpct (terms axhibting statistically significant divergence are
undadired throughowt). Mebil advertorials also notably engaged
m elmate palicy debatés concerming the role of the US {and
Serate) comparad with other nations as part of the Kyolo treaty
plan. By contrast, ExxonMobil Corp advertorials no longer
raferrad to “global warming”; the term became taboo (FS =
0,10}, Aalative usage of "climate change™ versus “global warm
ng” want from 3-to0-1 pre-memger to 34-90-1 post menger.
Inchead, Exxanhobil Corp mostly sidestepped detailed discus.
sions about climate science, acknowhkedging only tha keng-term
riske of climate change before reframing it as a challengs to
mest the public’s energy demand and needs. ExxonMobil

One Earth 4, 124, May 21, 2021 2
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Coup advertorials emphasized the need for more climate and an-
ergy les reseanch, such as the company's sponsorship
oftha GCEP (Global Climate and Erwegy Project) at Stanford Uni-
versity. Current solar and wind technologies wers presented as
inadequate.

Adveriorials versus imfermal documanis

Comparing divergent tenns in all advertorials against thosa inin-
temal documents, a combination of the above advertorial
thames emenges (Tables 2 and 4). Numerous Mobil and Exxon-
Mokl Corp advetonals promated explicht doubt about whethar
AGW ta real and hurman cawsed. They emphasized dabate and
focused on what sclantists “do and don't know"” [Cimate sci

ance uncerfainty] (topic labels from Table 4 are indicated in
bracketed italics throughout), This eventually gave way to rhel-
oric about patential long-term risks of AGW (after several years
of overlap in ~2000-2008 and 2007), juxtaposed against tha
challenga to meet demand [Energylamissions chalenge). Tha
anengy use and needs of consumarns, such as electricity and oil

greentmase effect would include a global temperature increasze.
Internal discussions adopted a rigor absent from the company's
public communications, including reference to climate models,
scanarios, and rates of change [Climate modaling]. One scanario
they examined — tha doubling of stmospharic CO; concantration
by 2050 - threatened melting of the polar icecaps, a decrease in
ocean pH, and rising sea kvels PAGY scencefrofections |, Ex-
xonhbobil advertoriale disputed or remained silent about not
just this early knowledge of climate science and &% implications
bt also Exxon's “CO; program™ that helped acquire and apply
that knowledpe [AGW scence’profections). Internal mamos
raport that this program included measuring OOy with a tankar,
maonitoring DOE (US Departmant of Enargy) climate sclenca,
and evaluating the CO, emissions from ther nalural gas projct
in Matung, Indonasia [Cmete meench progamrs],
Advertorials versus peor-reviewed publications

Table 3 compares divergent terms in all advertoriale against
thoss in pear-reviewoed publications, Advertorials are distin

and natural gas, ane presanted as itating gr anedy
efficiency and new technologies |Enevgyiemizsions chaliange.
Vehicies), The public is told about how ExxonMaobil Corp is part-
rering with GCEP at Stanford to develop solutions such as more
efficlent gasoline vehlelas and “clean.. ratural gas” [Vehiclas;
Engrgy technologies], Exxonbobil Corp touts &5 efforts to plant
trees, bat renawables such as wind and electric vehicles Ev's are
gheen short theift [Conservation; Erergy technologies]. Algo-
rithmic analysis also docwments Mobil's public rhatoric on the
Kyote Protocol targets that exempl developing countries
thraaten Amercan jobe, prosperity, and econamic growth
instaad, governments and industry should pursue market-
based, volurtary staps to reduce emissions [Chmafe policy].
Compared with Mobil advertorials, which promoted debata
abows climate science, and ExxonMobil Corp adverterials, which
did the same or ignored R, Exxon's internal conversations
focused on it intérnal docurments ané notable for thair detailsd
articulation of the causes and consaquances of AGW, The souwrca
of tha observed OO, increasa In the atmosphere was fossdl fuel
sombustion AGW sceneaiprajections). Effects of tha resulting

guishad by tha sama rhatorical themes as in “sdvertorials varsus
fntamnal documants™; indaad, the confrast against acadamis ar-
tickes is more pronounced, Independantly and coliactivaly, Mobil
and ExxanMobll Corp advertorials offset the risks of manmade
climate change by alse promoting debate about complas sci-
ance [Climmte sciance urcefainfy]. Advertorials are again sean
to frame AGW as a challenge to meet the needs of conswmers
for mare enary from fossd fuels, while seaking to allay concemns
by publicizing the promise of advanced technology Enngwation
(including cogeneration) |Enengyemissions chafenga; Energy
teehvnalogies]. [n comparison with paar-reveewed papers, advar-
torials stand out for thel amphasis of corporate envronmental
pregrams to reduce emissions through energy efficlency ard
consarvation |Consanation].

‘While advertorials talk about the scienkific process — resaarch,
stignce, and tha extent of scantists’ knowledge are dispropor
tionately  discuseed — peer-reviewsd  publications  actualy
angage in it. As expected, acodemic artichs —aven mon S0
than Irternal documants —are distinguisted by their articutation
af AGW ssience. Observad atmospheric GO, concentrations am
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Buturasiiral
dhpcatoa drenmen 1o e [Frpeang. o ¥ ] 3547 D00
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carbon dicodda L] 227 126.1% 0BG  atmospharic co2 1 480 =M562 004
kraw 12 25 12186 006 ehd ] a2 53 000
clirate (change) rskisiiiskis) 26 0 11908 008 g kpigaon] o 243 ~z262 DO
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iy 1orm 40 2682 3182 075 cimoby sonsithity o 218 -203% 000
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prorise 20 12 B239 087 nlalinity o 260 2421 000
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progmms Fol 14 12080 00E
P DT SN ) 25 a0 085
s} prudent reatonatdo’ = 118 s 0AT
rasponsible/saundisn
amaroronial B k) 45 07s
consenation 18 66 2123 082
“nations” a3 110 25048 084
kyaie 54 a2 11335 087
gavemmonts 35 3 |@d 08z
sarinhy 16 L1} @a.ee 100
devtloping/poorer countrias’ &3 186 B0 08
world rations
“gconomiyiar 148 T4 18067 081
prospasity 15 1 B 100
soonarric growthirpact = 7d G168 OES
Eving stoncandis)'standard{s) i L G1. 8 .00
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Terms that appoar to be thematically reaod have boeen grouped (nsterisked, high-scoring terms idemity cach group). Advertorinls ofion say terms
{tropes ) with karge positive G scorns D rmndy. say tems (“taboas™) wah FS soores near 0. Pearroviownd documants ofton say W with farga
nogathve G scoms and raroly say temns with F5 scores near 1, p values < 0.001 for 0B G° and F5 scores

maported in ppm (parts par milion), anthropogenic temparaturs
change due to radiative forcing by GHG (greenhouse gasas)
such as CO; and CH, is acknowledged, and AGW maods! projse-
tions ara run for different scenarios based on climate sensitivity
AEW sciencedprojections]. The academic language of esti-
mates and noise and references o the [PCC (Intergovemmental
Panel on Climate Change) are commangiace [Cimale modeding].
Whila advertortals offer unfocusad represantatins of techinglo-
ges such as renewables, nuclear, and EVe as variously prom-
ising, hypothatical, or insufficient, Exen/ExsonMobil Corp sup
ported peerreviewsd studies that squarely centered AGW
mitigation arownd approaches consistert with continued rel-
ance on fossd fuels; CCS (carbon capture and storage), and
the injection of CC. info oceans through dissolution of minerals
such as CaCly to increase alkalinity [C0s disposal’siorage; Car-
bon cyckis]. As a recent Berature review observed, the ~use of
enhanced ccean alkalinity for C storage was first proposad by
|ehief Exxon climate scientist Haron] Kheeshgl." ™

Lika internal documents, peer-reviewad publications attibute
GHG emissions andlor AGW to fossll fuels significantty more
often than advartorials {p < 0,01-0.03). Comman terms includa

Uncartainty, (2) Sociosconomic Threat, and (3) Fossil Fus Savior
(FFS) ifor details, see 54, supplamantnd information), The Scienti-
fic Uncartainty frame presents AGW as unproven and advocatas
additional climate stance research, The Socioeconomic Threat
frame argues that binding climate policies (such as the Kyoto
Protocol) are alarmist and threaten prosperity, wging volurtary
measures instoad, The FFS frame describes AGW as the
inevitnble (and implicitty scceptable) risk of meating consumer
anergy demand with fossil fusts for the foresesabia fulura, and
prasants technological innovation as tha long-term solution.
These frameas ara constructed of reasoning and framing devices
warously communicated by the 11 discouwrses listed In Figura 1.
Figure 1 s a Venn diagram represerting the chain of logic {Le.,
reasoning devices) of each frame as defined by Entman:’” prob
lem, cause, moral evaluation, and solution (as indicated, thess
raasoning devices am the logical bases challenged by deniaks
that AGW (2 real, human causad, serous, and solvabde, respac-
tivaly).  Discourses mre manfest in one or more framing devices
(&g, becal cholces, catchphrases, depictions), and their posi
tlons b Figure 1 depict their contributions to the reasoning devices
aof sach frame (defintions and examples of each frama's

fossil fual jons, fossil fuel OOy, and fossil fusl combustion
AGW sclence/projections] {see Tabla o),

Rhetorical framas
Frame package analsl leads us to identdy three dominant
framas in Exxondobil's advertorials, which we name (1} Seantific

T ing and framing devices am provided in34and 35, supple
mantal information), For exampla, discourses of Technological
Shall Game, which, o Schneider t 317 defing them, use “misdi-
rection that relles on strafegic ambiguity about thie faasibilly,
coste, and successful implementation of technologles,” seeve to
downplay the need for puble and poltical contarm by trivializing

One Earth 4, 124, May 21, 2021 7
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Tablo 4. Toplcal tropes;: Highly mmhnhlh (top] advertorials worsus (bottem] internnl and poar-reviewoed decuments, by LL mtie

(6% of tophos identified by LDA toplc

Ciatgony Tapic hbals [t Top teerns
Advinorisls gy 10,274.89 “ennegy, “technologlyses!, “omission(s), mmm. *word,
enissions “ghobal, fucks], “Improviees/oding' dopiing)
challenge: “esveceareelily), “scnomiyhc), ‘recdk, ‘challengols,
"parcond, "dorand, ‘rigkis), "gos, 'reduce, "invest{ing/mant/monts),
future, ["rrect, *lengterm]

chirmate policy GM5EZ ‘cpurmines nations, “kyoin, *

“targets, “gases, “ngrooiirenty consenss, “industriakzed,

mm *participat(etoning), “sonata, "plan,

dirvnlopod, "developing), "putie, “troaty

nmw costfisiyiernist), Bindfing), Hestybais), “valuntany]
viohiclos. 188281 Sorhichyg, “ova eloctie voliclid, vehicke, “gadcing, G, dwan,

“cifizenship, ‘math, corporate. “enging, 'p-h-mm “rand,

“engines, “social, cor, “sclenca, 1,

dieselpawened, 1pils

Ay a7 nucledr, "pawr, solaephatevaltaieis), “oil, “rencwablols), trilion,

tochnologics aterar, coll, brovklyn, reseeves, barrels, turbine, *wind, generate,
"gaa, patrolouen, Ting, hydropowor, inedinustiblo, volo |offshono,
oo, o, Hokuls]

CCNRONEBON 04,50 “tmis), forostfs), Splani(ing), "holpad, buldngs, lands, sequastmtion,
£ar, “predoetioning), acres, scologeal’syeton], dehanc,
cormonandy, epas [EPA's], habial, planted, threat, “sonsenmation,

i , carodully | by, el vt prosorvation,
restoring, wildiio]

clenati schondg 20047 clirnobe, chings, redeiech, sciontdc, sclnce, human, uncerningtyBos),

unstrininty nalicd, *ﬁmumﬁgm *debatn,
mbabty, Wm 'pdw WMMML
“Uifshtesitiy o]

niamal and AW acioncn’ — 455430 “cad/carbon dimedce, ntroapharinge), "oMochias), foasd, “temparatun,

it Firderead e lan Tum{s}, raticn, Ncoaso, ‘oo L ciben, “rata, gobal,
*aocnn, ppm, averags, kv, ‘due, “oceans, sombustien)bumingl
"Binaphonn |"seenarios, Impact]

climate modoing -~ A EAr 2 “rodil{s], nesults, frcfeledingl, dimate, “datn, ‘cstimates, response,
_ﬂmwmmmm

L . cifection, paramaber. "estimaied,
stucbes, based

GO, desposal’ -2 66842 “endieartan diadics, “ph EaH], “Reund, i, "shawater, “depth,

shonag krm, “vortical, rodenien, © . SDONQEr,
diffusia, nafuna, rHease, fiow, “mixed, “surface, foction | ||1DI:II:I1I

Fetigation ~1,017.80 “Aranspan, mitigation, prics, mu-umum 5-“;5.

asscssmants “al infrastrscturs, china, usa, b,
forestry, losses. seotor, svadabdity, Wt.ro E‘.’.'E untuu

climate rescarch 1 250 50 b, programisy, axen, fnker, er, phase, ederal, handfeding), plan,

Frograms division, wainbpng [Haorold Wainberg], noditionnl, rmass, acadenny,
intering, undersy, wines, organization, shaw [Honry Shawd
engneing [committes, funde, scoping)

carbon Cyins ~ 121 560 *al, "ocaon, doop, carbon, brovcker [Wnlach Broockern), upwaoling,
s, stocks, uptaks, land, g, vegotation, Bermuda, landuse, sycios,
jain, station, transient, blespheris, colurrn [dissabved, *watsr, irventory]

il and gas. —1,034.26 “cos, he, gos, ad, coment, nd [N2L procesaing, date, nefung,

prosdiaction park, project, cardicst, cor, fiokd, o, mw, recoveny, describes,

Biguich, sulatantial [ppoling]

For cach amergent topic, a topic label and #s coeresponding top 20 tenms are listed {additional informative toemns ane in brackets). Top 20 terms ara
ordoned nocording B0 the reknance metric proposed by Sievert and Shivey, ™' which accounts for Both por-tenm (Wi-por-topic () probablities (e,.0
B0 i mangingl Brobataty of each e in e COpUS (). W ingicats Svorpit 10n7S, as isontited aomor by GF and FS, biwon advirtonnis
vorsus (italics) imemal documems, jundorfining) poer-roviowed publications, snd (nsterisks) internal and poor-mviowed documents. povalues

0007 for ol G and FS scores.
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2000 program is mnobdizing w'ammd the
word 1o plant and cans for traes® "

demand 40 21 422 2724114.38 DADET "Jljn tha soctc pawer sechor, growing demand
will boast GO, emisslons ., "'

{Cantinued on axt poga)

Ona Earth 4, 124, May 21, 2021 8



20T}, Mg ool oy 101 006 oneser 2029 .04.014

Floass che this orliche in press &2 Sugean and Oreskes, Rhatone and rame analEi of BEoortiobi’s chvats chings communeations. One Earnh

¢? CellPress

OPEM ACCESS

One Earth

Article

Table 8, d

& {int P}

FE fntPr)

Exnmple

20Gas2as

14.8821.23

40820 &G

LFnem

DLBL0A3

Ae a4

* .. Toasd fucls must be rolied upon to mest
sockty’s irmodiaia and noar<termn ogds" '

serme, but embaking on reguiatony folimate’

enorgy| policies that many prove wastehl or
s not* '

*| [jnereasing prosparty in e developng world

k5] thin e cirivir of groater snargy dofrand

(e ooty faing GO dirissona) o

the coming decades®' ™

el nd'or pidr-riviewoend docunnams ofian sy

fonsil fucl 8 144

10 Ore Earth 4, 1=2¢, May 21, 2021

e

I

=66 26/~ 4 48"

~E13EMNA

—42.84/-30.08

— 3 GRNA

A T4 82

~g0er-7.16™

RRT R T

PR RS

CLDNA

COsNA

0.24%0.28™

“Release of this amount of COL 1o tha
DAFOSEhNG M08 SONCHM With rospect i s
effect on tha GOy groenhouss probion. Global
fomsil fued emissions of GO, curently amount to
nlbear 1.8 2 10" motric tors por year .~
“hrhons pot Torth e idea thal O02 Soa
fomsil fuod burming could |, warm the Earth
famsil fund grocmhowss warmning ... bossl ol
preanlousg afect
*This weuld maki Matuna She world's legoest
point sounca aitter of GO, and mises concam
fior the postibs ncrafreral mpact of Malons
o this GOy groenhouss problem® '
"Tha ©O; coneortmrion in i stvasphon has
incroadad . Thio moat whtaly hald thiony @
that: the increase is dus ot fusl
combuston®' T
e Troe-guarters of the anthrepagonie
emissions of C0,; 10 the stmasphene during the
past 20 yoors is duo bo fossil usl buming®' ™
*[Tjhae is the potental for our |climata)

h to attract the lon af the popular
s mnocin bacouse of the connacton
bt Exon's rrajor busingss and tha rek of
fossl sl combustion in contnbutng to the
incroasa of atmospharns GO
“Tha quaniity of GO emittod by vanious foos in
shown in Table 1., Thay show the high COy/
amorgy ratiafor ooal and shala ., [*Shals oif*] is
et prochednd to kb o enior ASune onorgy
sounte due b .. rather larpe amaunts of GOy

GO | pehing

combuston of carbon-based fuds or by the
separation of GO o nateral gas with & high
00, concenration®'

*[Flossi sl combustion is tho only readiy
identifable source jof GO which i (1) growing
o Hhe e rarle, (2] lange encugh to account for
tha chservod increases . *'%

{Cantimioed o Mt Bl



(20, apa.tdol o0, 10 1R oneaer, 2021 04.014

Flaass cita this aicle in press &8 Supin and Creskes, Riveeowic and fisme analysis of Boonbiobl’s chmacs dhangs comimiamcations, One Eaah

One Earth

@ CelPress -
DPEN ACGESS

Article
Table 5. Cy o
Pste
Actverionials inteema roviowed  F (LPr) FE {IniPr | Exnrmpie
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fons fuol uso ] 13 ~T035TNA oA “IFler sconanics with highor fosall fl use
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sl fued OO, i} Bl 54 Ml = B 0™ ¥ 1 *This bong tail on the fossil ful CO. Sorcing of
clirate rray Wil B mand signit.cant i tha
LD QRGN IOnECEN T oscall ovolation of
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fossill fucd a A =4 MA/8. (3" MR “Wir s our intogemied Schence Model o .,
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Divergant terrea in adverloriale are idantited by frame package snalysiz 03 framing dovices of dvidualized responsibility dmcourss, Dxanpl
quotations llustmbe how advoriorals vse dvergent tonms to disproportionately prosent: (1) consumer demand for oncegy as the cause of —and
cadpable for— ol ol uss, greenhouss gas amissond, and'or AGW, and (2) ndeadual'denand-side sctond a8 accountabia for miligitng AGW.

By contrast, dhvorgent tars in intemal and/or paor

aften dintar th lity and culpabiity of fossil fuel earmbustion.

p values. < 0.007 for all 67 and FS scores excopt: * <0.00%; ™ <0.0% ** > 004, NA, not avaiable,

the serowsness and sobability of AGW. Technological Shell
Gama discourse B theralore placad in the overlapping sreas of
Moral avaluation (“Seriows™) and Solutions (“Solable”) in
Figuma 1.

Tha frama of Scientific Uncartainty —and its underlying tax-
ongmy of axplicit dowbt about climate science and &s implica-
tons— has previously recaived detaded scruting and is hara
discussed further only in 34.1, supplamental informas
tisa. 7" By contrast, frames of Socioeconomic Theaat
and FFS—and the subtler discowses of delay that underpin
tham — are underexplosed. ™ “* For further dizcussion of tha
Socloaconomic Threat frama, see 54.2, supplamental informa
tioe. In tha remalinder of this paper, we focus on the rele of
two specific, complementary discourses, Climate Risk and
Individualized Resporsibility, in constructing the FFS frarme.,
As Figure 1 suggests, these discowrses serve as rhetorical
gatawiys connecting the problam and cause of the FFS frame
to its moral evaluation and solution.

Discourse of climate risk

Wa have praviously roted that, sccompanying the emargence
in the mid-2000s of impSck acknowledgments by some Ex

xonMobd Corp adveriosials that ASW = real and human
caused, there appeared to be o rhetorical framework focused
on rigk.” Algorithmic anabyses here demonstrate that this was
part of 8 wider trend i which, following tha manger of Exxan
and Mobil at the and of 1958, "risk™ was incorporated into ad-
vertorials communicating axplich doubt. Specifically, LL and
FS results in Tabls | show that “riskis}” s among the terms
that most statistically distinguish Mobil advertorials from Ex

xonMobd Corp advertorials. Within all advertorials publshed
prior 1o the marger and expressing any positions on AGW
{as real and human caused, serous, or sobabla), “risk(s)” ap-
pears three thmes, only once In referance to the rskis) of AGW
or greenhouse gases. By contrast, from 2000 amwards, such

“riskis}” are cited 46 tines: an average of ante per sdvero-
rial; 10 timas highar than an sverage NYT anticka.’ " Parmuta-
tions include 'risk,” ‘risks,” “potential risks.” “long-term
risk,” “long-term risks.” “legitimate long-term risk." “legiti-
mate long-teem risks,” and “potential lang-term risks.”

In 2000, for instance, ExconMobil Com's first post-marger
advartorial in owr corpus promoted “sclentific uncartainty™ that
AGW s real, human caused, serious, and sohable, acknowl
adging only that it “may pose a legitimata long-term risk. and
that more needs to ba lasmed about it”.' ' By tha tima tha com-
pany book out He lxet scdvertodal exprassing a pozition on AGW In
2008, s ture had changed but “risk™ rhetoric remained. The
advertorial was entitled, “Tackling climate risks with technal-
agy,” followed by the subtile, "Support for od and natural gas
innovation can mduce emissions.”

The functionof “risk” rhators in moderating the conveyed sta-
tus of AGW or greenhouss gases is unambiguous. First, “risks™
s amang tha top terme characterizing the LDA-genarated topic
of enengylamiEsions challengs, which iz the primary topic that in-
troduces readers to AW (and companss it with energy demand;
sea "discowrse of individualized responsibilty™) (Table 4). Sec-
ond, “climate {changs) riskisyriskis) of climate” is, ke “riskis)™
tsalf, o statistically distincthee term of Exxonbobil Corp adverto
rials versus Mobil advertorials, internal documents, and peer-ra
wigwed publications (Tables 1, 2, and 3. Indesd, automabed
collocation analysis reveals that the highest scoring collocate
of “climate changa™ and “global warming”™ in ExxonMobil Comp
advertorials is “riskis).” By contrast, in Mobil advertoriats, | &
“selance” (followed by “gases” and “debate™) (Tabls S18)

Discourte of individusiized responsibility

Table 5 {top half) collates terms that are (1) identified by trame
package analysis as framing devices communicating Individual-
izad Responsibilty in advertorals, and (2} highly divergent
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betwean all advertorials and internal andfor peer reviewad doc
wnants accomding to LL and FS analyses. Two patterns amenge.

First, we obeerva that advertorials disproportionataly employ
tarms that present conswmer demand for anergy {rather than
corporate supply of of, coal, and gas) as the cause of fossil
ful production, greenhouse gas emissions, andfor AGW, A
characterstic axample of this “(energy) demand™ rhatoric i a
2008 ExxonMobil Corp advertorial stating: “By 2030, global
enorgy damand will be about 30 parcent higher than it is today.,
ol and natural gas will be callad upon to maeet.. .the world's en
ergy requiramants.” " Another, in 2007, says that “increasing
prospeity in the devaloping wodd [will be] the main dever of
graater demand {and consequently rising GO, amis-
stons)..." " A 1989 Mobil advertorial is even blunter: “}G rowing
demand will boost GO, amissions.” " In other words, they pre-
sent growing enargy demand as inavitabla, and imply that it can
only ba mat with fossi| fuaels,

Synamms for “lenergy) demand” include “nesds” (*.. fossil
fuals must ba refiad upon to mest sockaty’s immadiate and
near-term needs”) and “energy use” (‘man-made greenhouse
9as emissions adse from essantial energy use in the everyday
activities of peopls, govemaments and businesses”), Fossi fusls
ara gither presented & passively responding “to_mest this
demand” of congumens, developing countries, and the work::
or thay are laft out of the equation antirely. “|4ls populations
and econcmies have grown, enagy use has increased, and 5o
have greenhowse gas emissiens,”

Second, we obsarve thal, to tha extent that advertorials
admit the mead for AGW mitigaton, they dEpeoportionataly
ntroduce terms convweying indbadual andfor demand-side ac-
tions a5 the appropiate response. Even whilke promoting
explicit doubt about the reality of AGW, advertoriak focus on
downstraam snergy efficiancy and greenhouse gas amissions,
mther than upstream supply of fossil fuels, as the appropriate
target of mitigation efforts. “During the |climate sclenca] fact-
finding pariod,” a 1997 advertorial states, “govemmants should
encourage and promote woluntary actions by industry and
citizens that reduce emissions and use anergy wisely. Govem-
mants can do much to roise public awaeness of the
importance of energy consenation™ ™ Tweke years later,
advertorials continsed to eguate the “global environmental
challenga” with “curbing greenhouss gas emissions,” but not
with constraining fossll fusl supply, * As ane 2000 advertorial
putt iz “Prudent measures such as conservation and imvestmant
in erargy -efficent technology make sense, but embarking on
ragulatory [energy] policies that may prove wasteful or cownter-
productine does not."

Advertorials repeatadly highlighted ways the public could, as
ona in 1998 put it, “show a litte voluntary ‘can do.'™ "™ A 2008
adwertorial sugpested that the “cam and trucks wa dive aran't
just wohiches, they're opporfunities 1o solve the world's anegy
and amvironmental challenges.”'" A 2007 advertorial offered
raadars “simple steps to consider™; “Be smart about electricity
wsa”, “Heat and cool your home efficiently™; “lmprove your
gas milgage”; "Check your home's greenlwuse gas emissions™
wsing an onling cakculator. ™ Mobil and ExxonMobi Corp pre-
sented thomselws as facilitating, and participating in, swch de-
mand-side AGW mitigation. A 1997 advertorial kaid the ground-
work: “We're supporting research and technology afforts,
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curtading our own greanhouse gos emissions and helping cus
tomers scale back their emissionz of carbon dicdde.” ™ In
1990, Mobi announced that “wa're pleazed to axtend our sup-
port of ... American Forests ... whose ‘Global Releaf 2000° pro-
gram is moblizing peopls around the world to plant and care for
trons,” " This narrative wis echoed by advertorials a decede
later: "By snabling cars and trucks to travel farther on a gallon
of fual, drivers. ..emit less carbon dioxide {CO;) per mile,” sakd
22004 advertorial, " “We alss sre diveloping new vehichs tech-
nologies that can help conswmens use enargy more efficiantly,”
said two mora the following year,

By contrast, Exxon and Exxanbobil Corp's intarmal and/or as-
adamic communications recognized AGW andfor gresnhouse
gases as also an upstreum probiam causad by fossil fusl supply
and burmning (see also 52,2, supplemantal information). “|Flossil
fusl combustion is the only readily identifiable source [of CO,
consistant with the rate and scale of] obsarved increases._.,”
observed Exxon scientist Jamas Black' ' ina 1978 presentation
to the Exxon Corporation Manzgemeant Committes, Othar intar.
nal {1979) and peer-ravievwed (2001) documents ikevdise altrib-
uked OOy accumulation in the atmosphere as “due tofossil fusl
burning” and “fossil fuel combustion,™ ™" A 1984 internal
raport and & 1994 academic article spoke of “fossil fusl emis-
Eions of CO,," while & 1998 paper referred to “fossil fual CO,
forcing of climate.” """ A 1982 internal mamo want furthar,
acknowledging “the connection batween Exxon's majs busi-
nags and the ke of fossil fusl combustion in contributing to
tha increase of atmospharic C0u."" " Tha 1979 and 1984 internal
documents discuss the GO, emissions of specific fossil fuel
sowces such &5 shale oil and Exxon's natural gas reservor off
Matuna |sland in Indonasia, ™"

In sam, Exxontobi’s advertorinls statistically overuse tenmns
that reduce AGW to 8 downstreéam probkkn cavsed by con-
sumer anergy demand, to be solved primarily by anergy atfi-
clency to reduce greenhouse gas amissions. In contrast, thale
private and academic documants disproportionately recognize
that AGW is an upstream problem caused by fossi fusl supphy.

Az we show in 36.2, supplemantal inforination, this statistical
dichotomy extends throughout all of ExxonMobil Corp™s flagship
raports conceming AGW spanning 2002-2019 compared with
the firm's nternal and academic pubbcations.

FFS frame

In add®ian to Climate Risk and Indbddualized Pesponsibilty, the
FFS frama compriges the fve other discourses shown in Figues
and defined in 55, supplemantal information, Togather. they
astablish the frame’s chain of logic (l.e., asening devices, see
Tablke 54, supplemantsl informaton).

First, a8 shown in the pravieus two sections, discourses of
Chmats Risk and Indhsidualized Responsibilty preaant AGW s
tha inevitabla “rigk" of mesting consumer anengy demand.

In respanse to this problem dafintion and causal attribution,
discowrses of Sclentific/Technological Optimism {which ghves
primacy to scientific or technelogical breakthroughs a5 the sol
tiors to AGW) and GresmwashingCorporate Symbolic Emdmon-
rmantalisem fwhich is whisn companies make changes for smaron-
rintal reasons that, nthe case of greanwashing, am maeraly and
dalibarataly symbolic) lnd what Plac and Pettenger™ (2012} call
“anaura of scantific and technical stharity,” which “rasigns us
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to putting our faith in the power of indushry, technology, and sci
ance” {gee aleo Schaaider et al™). “[W)e beliave that technology
pvwmuukaymnMMMMMmmw bewim rigk
and praserve prospesity,’ " says the voice of reason presentad by
a 2002 advertorial entitled “A responsible path farward on
climate,” “[This] will almest certainly require decades....” ' Ex-
mnhhhllnnﬂsrmm“hblnmchalanguwrﬂ\m«w
citing “our Industry-leading investmants in resesrch and deval-
opment,” " such as “supporting climate-related research of-
forts ot major universities, including Stanford and MIT,” ™ Visual
Wamugmﬂmw seiance manography rein-
foree this impression.

This technocratic authority helps legitimize accompanying
discourses of Fossil Fuel Solutionism and Technolkegical Shell
Game, which join the dots between energy demand and
continued reliance on fossil fuals, An axample of Fossil Fual
Sohtlonism {which presants fossil fuels and ther industry
as an essantial and inevitable part of the solution to AGW)
ks a 2007 advertorial that unequivocally depicts the future;
“Coal, ofl, and natural gas will remain indispansable to
meeting total projected energy demand growth” through
2030, “Qil and gas will be essential to meweting demand,”
reiterates another in 2008.° “Maeting this growing long-
term damand requires that we develop all economic sources
of anergy - oil. natural gas, coal, nuclkear and aternatives,™
says a third in 2009,

Tha ronv-fossil fuel alematices are then dismissed by Techvo-
logical Shell Game discowss promating doubt and confusion
about AGW's technological solvability, such as three adverto-
rials in 2005 depicting, again unequivocally, how “Wind and so-
far...meat about 1% of total workd demand by 2030,
Anothar, 3 years |ater, updates tha figure to “oaly 2 percent™
(including biofusk).” ExxonlMobil also takes aim at slean anangy
subsidies and renawabile energy’s "highly variable cutput™ and
“gnormous lond-wse reguirements,” ™ Maanwhile, the
threae 2005 advertoriaks, and another in 2009, fakely promote
natural gas o5 “clean-burning™ and "clean,” respectively. "

In @ 2000 advertorial, Exnonbobil acknowledges that there s “a
dualchallenge” to *provide smegy” and “potect the saironment”
(rotabdy, theny sary that this challenge concems anengy rather than
fomall fuals, and that it appbas to “all of =" ™ But than they tp
tha scales by pitting concrete, unequivocal berafits [*[Emergy]
fights our homes. Fuels our transportation. Powers oar indus-
tries. . |(rivies] ouwr economy and rais|es! Iving standards™) aganat
amorphows, uncertain costs (the “risks of cimate changa”). Two
2007 advertorials similarly compare “esconormic growth and human
deralopment” against undefined “riskes of cimate changs.* '™

In cases such as these, discourses of Energy Powverty/Pros-
perity and Policy Apocalypse (which respectivaly arthculate so-
cial justicas of enargy access and alisged eocneconomic tols
of decarbanization — the latter sirictly assigned to the sociosco-
nomic theeat frame), contrasted against that of Climate Risk,
work to affem the moral evaluation of the FFS frame that fossil
fual lock-in is righteous and reasanabile,

DISCUSSION

Tha patterns observed in “results™ are similer to thoes docu-
mantad in the tobaseo ndustry, In “rek rhatorks lnelitates Ex

14 One Earth 4. 1=34, May 29, 2021

One Earth

Article

wonkobd s have-it-bath.- ways pos&ion on AGW™ and “anorgy
darmand rhatorie ndividusiizes AGYW resporsibility,” we discuss
the strategic functions of AGW “riek™ rhetore and indhviduakzed
responsibiity framings, respactively, in comparisen with tha his-
tory of tha tobacce Industry. “Energy damand rhatoric indbidu-
alzem AGW responsibdity™ distinguishes how consurmar anergy
damand i presented in public { “demand as fossd fual lck-in
In pubilic relations") versws in legal defenss ('demand &s blume
Inlitigation™). “Historicsl contexts, mmifications, and rajectoras
of Exxorblobd s communication tnctics” axplones the historical
contexts, ramdications, and trajectories of Exxondobil’s “rek™
rhedors (“risk ") and individualized respansibiity framings {“ind|
vidualized responsibfity™).

Risk rhetoric facilitates ExxonMobil's havo-it-both-woys
position on AGW

Owr identification of Exxonbobil's discursie shift to “risk™ rhaet-
oric (see "discourse of climale risk™ i broadly congistent with
indapandent findings. Jaworska™ obsarves the emergence of
“risk” as one of the most frequant collosations of “elimate
changa™ in the late 2000% within the corporate social responsibil-
Ity reports of the world's major ofl corporations, inchuding Exson-
Mobil. Grantham and Vieira, ~ examining “wekome katters” from
Exxmoniobi's CED in the comgany’s Corporate Cilizaership Re-
ports, note that "risk”™ i one of the most influantial words coin-
ciding with emphasis on tha “planat.” Schiichting'’ concludaes
that, over tha course of the 20008, industry aclors increasingly
sdopted the framing that “climate change [might be/fis] a risk.™

Exmonbobil's rhetorical pattern of stressing “risk™ & consis-
tent with the company's effort in the mid-2000s, chronicled by
Journakist Steve Codl,™ “to reposition ExxonMobil's arguments
about wasming to mora fully account for consensus echkentific
opdnion, without admitting that any of the corpoation’s pravious
positions had been mistaken, for that might open a door to
lawsuits.”

This approach resambles the tobacco industry's wall-docu-
mented msponss to the sciantific consensus on the harms of to-
bacco use, described by historian Allen Brandt' ™ as a “shift™ in
focus from scientific “uncertainty” to “{alleged) rsks” of smok-
ing (see alss Proctor’™'""). This sclentific hedging strategy
was made explicit ina 19596 Raynolds training maneal instroecting
new ampkiyess to tall reporters that smaoking was "a risk factor™
but “not a proven cause,™ " In 1904, for axample, Philip Momis's
GCEQ GeoMrey Bible conceded a “possible rsk" but not a
“proven ciuse,” the distinction being in what historian Robert
Proctor'™ calls “a kind of legal having-it-both-ways: an admis-
sign strong enough to ward off accwsstions of having failed to
warn, yiot wikak enough toraxculpate from charges of having mar-
ketad & deadly product” Thie carefully parsed concheslon
bacama the indusiry’s naw official position, ™

"Risk’ faciates ExxorMobd's have- &-both-ways postion on
AGW, It is a “'good’ candidate o gena various rhetorical pur-
poses,” Jaworska' ' notes, because it “opens up many semantic
siots.” Filinore and Atking” ™ work on the concegptual meaning of
risk, for axamiple, shows that “risk” has two dominant sub-frames,
“Chance” and “Harm,” and many optional valence descrption
cotegories. “Chance” is defined as “uncertainty about the future,”
such that rizk rhatorc (1) imples inherant wncertainky and (2) i
subject to temporal discounting heuristies, '™ “The essence
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of rigk is nobt thet # & hoppening, but that it might be

“Rizk™ is never claarly of consistently defined by ExxonhMobil
The presence and absence of risk’s variouws sub-framas intro-
duce so-called strategic ambiguty —and therefore flexibliity —
in contemporaneows and retrospective interpratations of what
ExxonMobil wants us to see s a “risk” rathar than a “real
ty."™""" For instance, does the “Chance” sub-frame of
“risk” —and therefore the implication of uncertainty —apply to
whethar AGW is happening, human ciwsed, serious, or soby
abla? Sub-framas of Harm, Actor, Victim, and Vaked Objest
are also ravely adiculated: who assumes the riskis) of AGW:
tha public, tha company, its shareholders, or others? What might
be the consequences, and when? In contrast, the “Gain,™ “Ban-
eficiary,” and “Mothvation™ sub-framas of risk taking, manitest in
discourse of Policy Apocalypsae, are stated axplicitly, as dis-
cuszed in “damaind as fossd fusl bek-in in pobde relations.™

Like its weaponized rhatorical cousing - such as “uncertainty,”
“sound sciance,” and “more research,” and the hadging
words “may,” “potentinl” ate., - “risk” has the strateghc
advantage of not necessarly implying intent to deny or
delay, because i is coopled from comman academic, regula-
tory, . ard colloquial parlance (51.4.2, Supran and
Oreskas'), 50T ean be used comectly (lor example,
to rafer bo expectad fuifure damages and stranded fossil fuel as-
sets - arisk that we have pravicus y shown Exoonddobil was pub-
licly silent about) or incorectly (for sxample, to describe AGW
and past'present climatic changes such o5 sea leval risa as risks
rather than realities),

ExxonMobil employs almos? identical "risk” language in ad-
vortorials promoting expScit doubt about AGW s in those that
implicitly acknowledge it. For example, they rafer to “the sk of
ghobal warming™ in 1989 (seeompanisd by expliclt doubt); the
“riskis)" “that climate changes may pose” in 2000 {alongside
axplicit doubt); and “the riske of chmata changa" in 3009 fwhich,
in tha absence of doubt, is coded as an impliclt acknowledg-
mant)," " This s net limited to advertorals ffor wide-
ranging examples, see table 3 of Supran and Oreskes”). In Ex-
xonMobil Corp’s 2005 Corpovate Chizenship Report, for
instance, which axtansivaly questions whather AGW is human
cauged and senous, a mamnber of tha publc asks: “Why won't
Exmonhabil recogniza that elimate changs s rew.. 7" The com-
pany raplias; “ExconMabil recognizes the sk of climate change
and Its potential impact. ..~ {emphasas added).' " By shifting the.
conwarsation from the semantics of reality to the semantics of
risk, thay inject uncertainty into the AGYW narative, even whia
superficially appearing not to,

d d rhvatoric indi
regponaiblity

Teo dimansions of issue responsiblity are commandy identified
in communications and psychological research: causalty and
treatment. ™' ™ Causalty responsibility addresses the source
of a problem —who or what causes &, Treatmenrt responsibility
ifentifies who or what has tha power to alleviate the problam,
and shoud be held responsible for doing so. Studies of respon-
sibility framing and attribution theary argue that attribution of
thasa responaibiities broadly takes two conflicting forms: indi-
wvidual versus social'™'"™'™ Expressing owr findings in

ras AGW
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“discoursy of indriduniized responsibilty™ thﬂl#l.ﬂﬂ gl
ical lans, ExxonMobil's public advertorials are bissed toward
individualist framings of both causalty and traatment responsi-
bilities for AGW as comparad with their private and academic
rapresantations.

Juworska"' hos observed similar appeals to energy demand
as the driving force behind gresnhouse gas emissions In the
corporate citizenship reports of Exxonhobil Corp and other fos-
sil fual companies, noting that they are “an axample of differen
tiation, which shifts the rsponsibility to other constiwncies.™
Princan et al.” simiarly argue that a focus on carbon and green-
houge gases —and away from fossil fuals— is reductionsst, “This
chemical framing,” they nota, “imphas that the problam arises
after & chamical transformation, after fuels are burnad. It effec-
tivaty absolves of responsibiity all those who organize to extract,
procass, and distribute...So constructed . .the burdan of harm
and responsibdity for amalioration falls on governments and con-
sumers rather than extractors.”

"Tha mast effective propaganda,” Parenti’™’ contands, "is
that which rellss on framing rather than on falsehood.” A= with
the language of risk, a rhetorical power of namatives that individ-
walize responsibilty i that they do nat requing the statement of
outright faleehoods. After all, conswmer demand s one wvakid
and univerzally recognized aspect of tha AGW problam and its
solution, and ot all advertorials entirely disregerd the rola of fos-
=il fuals. On balance, howaver, the disproportienate public fixa-
tion of Exxonbobil, 2 supplier company, on demand-side cousa
tion and sccountability (as shown in “discowse of individualiped
respormibility™) fulfilie the fundamental function of amphasis
frames to “call attention to some aspects of reality while
gbscuring other alements,” " It & in this selection process that
th individualized resporsibility framing device crantes a false di-
chotamy, lasding readers toward AGW problem definiions,
avaluations, and sohtions skewed toward consumer damand
and away from industry supply.” '

Exxonblabil’s framing is reminiscent of the tobacco industry's
affort “to diménish its own responsibility {and culpability) by cast
ng Esalf as a kind of neutral mnocent, butfeted by tha torcas of
consumer demand.” ™ |t is widely recognized that the tobacco
industry usad, and continues to usa, narmative frames of parsonal
reaponsbility — often maketed as “freedom of choca” —to
combat public erticiem, nflusnce palicy debates, and defand
agalnst litigation ard reguiation, ™+ ** % 1ER Eredman
at al’’! recantly demonstrated that tobacco companies use
“freedom of choice™ to imply two distinct concapls: liberty and
blama, In their public relations messaging, industry asserts
smakers' rights as individuals who are at libeety to smabke. In
tha contaxt of Bigation, industry asserts that those who choose
to 2maoke are sobaly to blama for they injures.

In tha follvwing two =zubsections, wa further axplors the
eongruence betwesn ExsonMobils public responsibility framing
and these tobacco tactics (“demand &s fossl fusl lock- In b puks
lic redntions"™; “demand &s fossdl fusl lock-in in public relatons™).
W discuss how this Individunized Rasponsibility discourse s
ratisnalized and reinforced by the semantic dusity of "risk.”
Damand as fossil fuel fock-in in public relations
In “FFS frame,” wa showed that Exxonbobil's FFS frama in-
sksts —typically as self-fulfiling fact rathar than opinion-—uwpon
socaty’s inevitable and indefinits relianca on fossi fusls, Rather
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than agsarting that demand & a pearsonal choice and libarty, Ex
xonMabil'e public “lerengy) demand” rhetoric imverts the to-
baceo industng's “freedom of choice” messaging. Liberty be-
comas lock-in,

Within this frame, discourses of Energy Poverty/Prosperity
and Policy Apocalypse contrast against that of Climate Risk
(“FFS frama”), Tha role of "risk” retoric here Is o downgplay
the downside, namely AGW, of this allaged dichotomy: fossil
fusts are essential, wherbas the potential effects— indeed raal-
ities — of AGW are uncestain.”™ Such assertions, St. John NI
nates, axtend Mabil's messaging in its "Observations’ eolumns
“about what sonstitutes reasonable risk.” Dbservabtions wars
“pithy, sasy-to-read” advertorias that Mobil ran in Sunday
newspaper supplements betwean 1975 and 1880, In a
1980 ‘Observations” column, for example, Mobil amented that
“the country seams to ba afficted with the Chicken Little Syn-
drome” of “cryling] that The sky ks falling!™"™ “Hardly a day
passes,” thay said, without “frésh parils™ ke “harmful rain” or
“cancerows surshing,” But a "risk-frea sociaty™ through govern
ment regulation is imposaible, tha advertodal reasoned, bacause
“everything people do everyday involves a slight measure of
risk™ (emphasis in origingl, The compary conclnded with the
waming that to “aveid risk, fight change™ may be a short-term
solution, “but for tha long pull, 2's a way bo certain stagnation.”
Tobacco industry apolegists made the sama argumants, calling
&t “the manace of daly life.” '’

To the axtent that adwertorials conceda AGW may be a prob-
lam, the “risk” angle belps frame AGW as unpredictable, posi-
tioning the ol industry “not 88 a contributor but as & victim™
alongside consumens.”’ As a 2009 advertorial put &, “[we'll

naed] a global approach to managing the risks of climate

change. Everyona hag a rola 1o play - mdustry, govamments, in-
dividuate """ This complamanted Mobil's broader usa of adver-
torials to rhetorically reframe salf as what Ker™ terms a
“corporate citizen.” “A ctizen of many lands” s how Mobil
duscribad itself in o 1999 adwertorial, ' “Clmate chang:
wa'ra all in this together,” ancther was tiled in 1898, With
this narvative of an “empathetic fellow fraveles,” St John 1™ ar-
gues, “Mobd offers up the reasonable, risk-taking corporate
parsonn who is willing to taka the inftiathe to provide a benaeficial
prociuct to sl Americans.. [Bly appealing to Americans’
panchant for valorizing the salf-stasting individuad, such a mes-
sage of anargy harvesting as navar being 100% safe could weall
axplain how o signéficant amount of Americans today do nat
5o fossil fuekindeced cimate change as a significant risk,™™

ExxonMobid’s advertorials say almost nothing about the seri
ousness of AGW. ' Nor do they mention the concepts of carbon
budgets and stranded fossil ful assets, which an part of the
argumant for the fundamantal incompatibility of urrestricted fos-
=il fual 2upply with climate mitigation.

Cwarall, the didactie framing of dermand as fossil fusl lock-in
communicates what Plec and Pettenger™ describe as "a rhet-
onic af resignation, naturalizing consumption of resounces and
teaching us o put our trust in induwstry solutions (o energy prob
lams.” Or as Schoelkder et al,”” and Cahl™ put #t, quating the
neoliberal bromide: “Thars i no altrnathe’ 1o the Strlug Gue.
Demand as bleme in Ntigation
Althousgh the tobacoo industry sells “freedom of choice” as -
arty i public relations, In Rigatian ey equate & with Blame to-
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ward  individuals  who  awercised  thed  choice  to
smoke, ' Chmate igation ks nascent. yet the fossil
fual industry has aready suecessfully repackaged demand as
Tock-in to instead impute Blame on customens for bedng indhid-
ually resporsible.

In 2018, arguing in defense of five oil comgpanies (inchafing Ex-
xonMobd Comp) against a lawsult brought by Calfornia cities
saaking climate damages, Chevron lvwyer Theodore Boutrous
Jr. offered his interpratation of the IPCCs latest repart: | think
the IPCC doaes not say it's the production and extraction of ol
that is driving thage emissions. i's the enengy use. it's econamic
actiity that creates demand for enengy.” “I's the way people are
living thekr lives."'** Tha judge's dismissal of the case accepted
this framing: “[Would it really ba fair to now ignone our own re-
sponsibility in the wse of fossil fusls and place the blame for
giotal warming on those who supplied what we demanded 7 "

Ewen i plaintifts prova thelr case, fossdl fusl companies can
invoke “affrmatics defenses” —as tobacco companies oftan
hava-—such as "commaon knowledge™ and “assumption of the
risk. ™™™ Thase respectivaly argua (1) “that tha plaint# had
engaged in an actiity [such as smoking] that imolved obvious
o widaly known risks,” and (2] “that the plaintiff knew about
and volmtarily undetook the risk.”'” As Brandt’™ explains It,
“if there was & risk even though ‘unproven,” 2 nonathaless
must ba the smoker's risk, since tha smoker had been fully
Informed of the 'controversy.’ The industry had secured the
bast of both worlds.”

By way of the FFS frame, ExonMobil agpears to have con-
structed an abdity to do the same. Onthe ane hand, “risk™ rhetoric
is woak enough to allow the company to maknian a position on
climate science that i ambiguous, flexible, and unatrming
(“risk rhetoric faciiates Exvonbobirs have-it-both-ways pasktion
on AW, On the other, it & strong anough—and [romingnt
anough, in NYT advertorials and elsawhaers —that Exxordobil
may claim that the publc has been well informed about AGW.
This dualty has beena cornarsions of the tobaceo industry’s legal
pasition on the "rsks” of smoking: “Evanyone knew but no one
had proof,” "™ "™ Akin to early, tepidly worded warning labeis
on cigantte packages, Exxonhobi’s advertorials in Amarica’s
newspapar of rmcord heip establish this claim, somaetimes explic-
ity “Most peopls ackrowlsdge that human-induced climate
changs i a lang-teem rizk,” & 2007 advertorial states ™ fam-
phases addad). “The risk of climate change and its poterti im-
pacts on saclety and the ecosystem are widely recoprzed,”
says another the following year, " As Baker' ™ has pointed out
about the secialzation of risk, “a transfer of risk is also a trarsfer
of resporsibity. . |Flsk creates responsibdty. "

Thwir forss] fued industry’s use of damand-as- blame raming s
not fimited to #s legal defarses. As Schoeider at al.” describa,
foosd fuel iMerests have likawise soeght to dalegiimize AGW
activism, such as the fossil ful divestment movemant, by de-
ploying a rhatorical “hypocrite’s trap [that] perfoerms the discl
plinary work of Indhvidualizing responsiblity™ (see also Ayvling ")

Historical contexts, ramifications, and trajectorios of
ExzonMobil's communication tactics

ExxorMobi's selctive usa of rhetoric and discourse to frama
AGW epitomizes the first “ganerml principle” of effective public
affars acconding to Herbart Schmertz,’™ Mobil Oil's Vies
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Prasident of Public Affairs (1965-19848) and the pionaer of thair
adwertoriata: “Grab the good words — and tha good concepts —
for yourzalf."' ™ “[Ble sensitive to semantic infitration, the pro-
cess wharaby language does the dirty work of politics...Be san-
sithve to thesa word choicas, and be compatitiva In how you usa
tham. Your objective & to wrap yoursalf in the good phrases
while sticking your opporants with the bad ones,”

Risk

ExxonMobil Corp's systematic introduction of “risk” rhetoric into
e doubt-mongering advertorials coinclded with the 1999
mérger of Exxon and Mobil, suggestive of a strategis shift in pub-
lic ralations.

A sacond shift, in tha mid-2000s, from explick doubt to imphcit
acknowledgmant confusad by “risk” rhetoric, coincides with
what ona ExxonMob® Corp manager saw as “an affort Ly [than
CEOQ Rex| Tilerson to carafully resat the corporation’s profila
on climate positions o that # would ba more sustainable and
loss axposad.” "

Ta this day, ExxonMobil Corp's jalsa Chavron's and Conoso-
Phillips’) refrain on AGW, and the primary basis on which the
company 15 now widely percelved to accept basic climate sci-
ence, fs that it is a “risk.""™"™"'™ Across all of ExxonMobil
Corp's flagship reports conceming AGW, by far the highest
sconng collocate of “climate changa™ and “global warming™ is
“righig)"” (56.1, supplemantal nformaton). Companed with inter-
nal and peac-reviesed dotuments, terms in flagship reports
invo'king “risks of climate change” are highly divengent (S6.1).
Az with advertorials, none say that climate change is real and hu-
mnan Cauded,

Individualired rospomsibility

The findings in the results section laad us to conclude that Exxon-
Mabil advertorials used frumes of individualized responsibiity and
the rhetoric of “risk™ to construct what St. John 1™ calls a “sense-
making corporate persona” that appealsd o the enduring prinsi-
plos of “rugged individwalism™ and self-raliance that penmde US
cutturs and idaology.”™' ™ Thair public affairs campaign coin-
cided with solidifying, intertwired notions of distributed rsks and
indvidualized responsibiity in westemn public policy debates since
tha 19708, which have been drvan by the giobal embvace of
neclibaralism amd globazation” " and ancouraged by
reductive, apisadic news framings ™ ™ jand which ame concaptu-
alized by soclal theories™ ™~ such as Beck et al.'s “risk socl-
ey, T Deaias et al's “risk cultune,™™ and Foucault
ot al’s “govemmantality”).” ™" ExxonhMobil tapped into this
trend toward the individualization of social risks, and brought it
o bear on AGW,

ExxonMobil is part of a lineage of industrial producers of harm-
ful commodities that have perennal reeponsibility framings
to dizavow themsabes.” " " Among them: tobacco com-
pasies 7% the Mational Association of Manufactusars”'*;
plastics producers {including Exxon, Mobil, and ExxonhMobil
Corp). packaging and baverage manufacturers, and waste com-
panies """ and purvayors of sugar- muumdbvm
and junk food,”™™" aded products,’ mator vahi-
ches, ™ alcahal, " slactrons: gambling. ™ and firasrms, ™"

Amaong, in particular, the public AGW communications of ma-
jor tossi fuel companies, indhidualized responsibiity framings —
and the accompanying narative of fossil fuel loek-in—have

¢? CelPress

OPEN ACCESS

Bacarme seamingly ubiquitous. ™" The very notion of & personal
“carbon footpent,™ for example, was first popularized in 3004
2006 by ol firm BP as part of ite 5100+ milion par year “beypond

" US media campaign,”" " Discoursa analysis of
this campaign led Doyle™ to conclude that “BP places respon-
sibilty for combatting climate change upon the individual con
sumer,” Smaracrik and Renagar”” have shown that subsequant
BF brandirg activities simiarly “placle] participatory emphasis
N SONSUMer consaration bihiior a8 o pposed 1o corporats fe-
sporsibility,” This industry framing confinues to dominate
today.”™" In 2019, for Instance, BP launched a new “Know
your Carbon Foolpeint® publicity campaign.™ In 2020, the
CEQ of Total said that “Changs will not coma from changing
the sowrce of supply. You have to reduce demand.”™ Lintil
2020, all major oif and gas companies disregarded or dizavowed
accountability for all Scope 3 greenhouss gas amissions result-
ing from the usa of ther products. Exxonbobil Corp, Chauron,
and ConocoPhillips eontinue to do so.”

The result is that fossd fuel industry discourse on AGW ap
paars to have encouraged and embodied what Maniates' ™ de-
scribes a5 “an accekrating individualization of responsibility™
that ‘is narrowing, in dangerous ways, ow “envirgnmantal
imapgination™ by “ask|ing] that Individuals Irmgmﬂ thamsalves
a8 eonsumars first and cizens second™ ¥ "'""'Tnls.m
politicized “capialistic agency,” Smerecnik and Renegar’’
argus, works to “prohibit fundamental social change thatwould
disrupt the fossil fusl industry, ™ "™ Experimental avidence ap
paars to support this conclusion, Palm et al.”"’, for exampls,
obsane that messages framed in terms of indnidual behavior
nat only “decreased individuals’ wilingness to take personal
actions™ but also “decreased willingness to take collective ac-
tion swch as to] support pro-climate candidates, reduced balsaf
in thi accalerated spesd of climites changs, and decreased
trust in climate sciantists.™ llustrations of how namathes of
individualizad responsibility have protected fossil fusl interests
from climate action are widespresd, One is Yale University's
2014 rafusal to divast from fossil fual companies, which was
“predicated on the dea that consumption of fossil fusts, not
production, is the root of the climate change problam,™'
Anpther is tha Republican Party’s 2020 legisiotive agenda on
AGW, whose premise was that “fossil fusle aren't the enamy.
'e emissions.™ 77 A third /& that the Parie Agresmant “'i i
lant on the toplc of fossil fuals,™™

Summary and conclusion

fonailable documents show that, during the mid-2000s, Exxon-
Muobil's public AGW communications shifted from sxplicit doubt
{a Scienific Uncertainty frame) to implicit acknowledgment
couched in discourses conveying two frames: a Socioeconomic
Threat frema, and a Fossil Fuel Savior (FFS) frame. According to
tha FFS frame:

{1) Evarything about AGW iz wcertain: a “risk,”
trasted with a really.

{2) Fossilfuel companies are passive supplars responding to
EONSUIMEF @nergy damand.

{3 Continued fossil fusl dominance is (1) inevitabile, ghen the
nsufficlancy of low-carbon technologles; and (2) reason-
able and responsible, because fossil fwals lead to

ag o
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profound, expliclt barefits and only ambiguous, uncertain

climate “rigkis)."”
{4) Customars are to blame for demanding fossil fusls, whoss
" wara commean k . Customens knowingly

chosa to valua the banefits of foesilfuels above ther risks.

ignored and obscurad by these perspactives ar fossil fusl in-
torgsts’ parvashe marketing, disinformation campaigns, and
nbbying against climate and clean anergy policias, all of which
have served to establish and renforce infrastructural, Instite-
tional, and behavioral carbon lock-ins, theraby undencutting
consurner choice and agency,” 5"

Propaganda tactics of the foesi fual industry such as these
have recebed less seruting than thoss of their tobaseo cournter-
parts, Furthar attention ks needed, bacause although individual-
izad narrathves of dsk. responsibllity, and the like are ess blatant
than autright climate scienca denial, such “discursive groaming™
i now parvasive in ing the aganda of scholars, policy
makers, and the public,” ™= W=

EXPERIMENTAL PROCEDURES
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Foreword

We are approaching a decisive momaent for international efforts to tackle the climate crisis -
agreat challenge of our times. The number of countries that have pledged to reach net-zero
emissions by mid-century or soon after continues to grow, but so do global greenhouse gas
emissions. This gap between rhetoric and action needs to close if we are to have a fighting
chance of reaching net zero by 2050 and limiting the rise in global temperatures to 1.5 "C.

Coing so requires nothing short of a total transformation of the energy systems that underpin
our economies. We are in a critical year at the start of a critical decade for these efforts. The
26th Conference of the Parties (COP26) of the United Mations Framework Convention on
Climate Change in Movember is the focal point for strengthening global ambitions and action
on climate by building on the foundations of the 2015 Paris Agreement, The International
Energy Agency (IEA) has been working hard to support the UK government's COP26
Presidency to help make it the success the world needs. | was delighted to co-host the IEA-
COP26 Met Zero Summit with COP26 President Alok Sharma in March, where top energy and
climate leaders from more than 40 countries highlighted the global momentum behind clean
energy transitions.

The discussions at that event fed into this special report, notably through the Seven Key
Principles for Implementing Net Zero that the IEA presented at the Summit, which have been
backed by 22 of our member governments to date. This report maps out how the global
energy sector can reach net zero by 2050. | believe the report — Net Zero by 2050: A roadmap
for the global energy system = is one of the most important and challenging undertakings in
the IEA’s history. The Readmap is the culmination of the IEA's pioneering work on energy
data medelling, combining for the first time the complex models of our two flagship series,
the World Energy Qutiook and Energy Technology Perspectives, It will guide the IEA"s work
and will be an integral part of both those series going forward.

Despite the current gap between rhetoric and reality on emissions, our Roadmap shows that
there are still pathways to reach net zero by 2050. The one on which we focus is = in our
analysis — the most technically feasible, cost-effective and socially acceptable, Even so, that
pathway remains narrow and extremely challenging, requiring all stakeholders -
governments, businesses, investors and citizens = to take action this year and every year
after so that the goal does not slip out of reach.

This report sets out clear milestones — more than 400 in total, spanning all sectors and
technologies - for what needs to happen, and when, to transform the global economy from
ane dominated by fossil fuels into one powered predominantly by renewable energy like
solar and wind. Our pathway reguires vast amounts of investment, innovation, skilful policy
design and implementation, technology deployment, infrastructure building, international
co-operation and efforts across many other areas,

Since the IEA's founding in 1974, one of its core missions has been to promote secure and
affordable energy supplies to foster economic growth. This has remained a key concern of
our Roadmap, drawing on special analysis carried out with the International Monetary Fund
and the International Institute for Applied Systems Analysis. It shows that the enormous
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challenge of transforming our energy systems is also a huge opportunity for our economies,
with the potential to create millions of new jobs and boost econamic growth.

Another guiding principle of the Roadmap is that clean energy transitions must be fair and
inclusive, leaving nobody behind. We have to ensure that developing economies receive the
financing and technological know-how they need to continue building their energy systems
to meet the needs of their expanding populations and economies in a sustainable way, It is
a moral imperative to bring electricity to the hundreds of millions of people who currently
are deprived of access to it, the majority in of tham in Africa.

The transition to net zero is for and about people. It is paramount to remain aware that not
every worker in the fossil fuel industry can ease into a clean energy job, so governments
need to promote training and devote resources to facilitating new opportunities. Citizens
must be active participants in the entire process, making them feel part of the transition and
not simply subject to it. These themes are among those being explared by the Global
Commission on People-Centred Clean Energy Transitions, which | convened at the start of
2021 to examine how to enable citizens to benefit from the opportunities and navigate
the disruptions of the shift to a clean energy economy. Headed by Prime Minister
Mette Frederiksen of Denmark and composed of government leaders, ministers and
praminent thinkers, the Global Commission will make public its key recommendations ahead
of COP26 in November.

The pathway laid out in our Roadmap is global in scope, but each country will need to design
its own strategy, taking into account its specific circumstances. There is no one-size-fits-all
approach to clean energy transitions. Plans need to reflect countries’ differing stages of
economic development: in our pathway, advanced economies reach net zero before
developing economies do. As the world’s leading energy authority, the IEA stands ready to
provide governments with support and advice as they design and implament their own
roadmaps, and to encourage the international co-operation across sectors that is so essential
to reaching net zero by 2050,

Thiz landmark report would not have been possible without the extraordinary dedication of
the IEA colleagues who have worked so tirelessly and rigorously on it. | would like to thank
the entire team under the outstanding leadership of my colleagues Laura Cozzi and
Tirur Gll,

The world has a huge challenge ahead of it to move net zero by 2050 from a narrow
possibility to a practical reality. Global carbon dioxide emissions are already rebounding
sharply as economies recover from last year's pandemic-induced shock. It is past time for
governments to act, and act decisively to accelerate the clean energy transformation.

As this report shows, we at the IEA are fully committed to leading thase efforts.

Dr Fatih Birol
Executive Director
International Energy Agency
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Summary for policy makers

The energy sector is the source of around three-quarters of greenhouse gas emissions
today and holds the key to averting the worst effects of climate change, perhaps the
greatest challenge humankind has faced. Reducing global earbon dioxide (CO) emissions to
net zero by 2050 is consistent with efforts to limit the long-term increase in average global
temperatures to 1.5 *C. This calls for nothing less than a complete transformation of how we
produce, transport and consume energy. The growing political consensus on reaching net
zero is cause for considerable optimism about the progress the world can make, but the
changes required to reach net-zero emissions globally by 2050 are poorly understood. A huge
amount of work is needed to turn today’s impressive ambitions into reality, especially given
the range of different situations among countries and their differing capacities to make the
necessary changes. This special IEA report sets out a pathway for achieving this goal, resulting
in a clean and resilient energy system that would bring major benefits for human prosperity
and well-being.

The global pathway to net-zero emissions by 2050 detailed in this report requires all
governments to significantly strengthen and then successfully implement their energy and
climate policies. Commitments made to date fall far short of what is required by that
pathway. The number of countries that have pledged to achieve net-zero emissions has
grown rapidly over the last year and now covers around 70% of global emissions of CO;. This
is a huge step forward, However, most pledges are not yet underpinned by near-term policies
and measures. Mareover, even if successfully fulfilled, the pledges to date would still leave
around 22 billion tonnes of CO; emissions worldwide in 2050. The continuation of that trend
would be consistent with a temperature rise in 2100 of around 2.1 *C. Global emissions fall
in 2020 because of the Covid-19 crisis but are already rebounding strongly as economies
recover. Further delay in acting to reverse that trend will put net zero by 2050 out of reach.

In this Summary for Policy Makers, we outline the essential conditions forthe global energy
sector to reach net-zero CO; emissions by 2050. The pathway described in depth in this
report achieves this objective with no offsets from outside the energy sector, and with low
reliance on negative emissions technologies, It is designed to maximise technical feasibility,
cast-effectiveness and soclal acceptance while ensuring continued economic growth and
secure energy supplies. We highlight the priority actions that are needed today to ensure the
opportunity of net zero by 2050 = narrow but still achievable =is not lost. The report provides
a global view, but countries do not start in the same place or finish at the same time:
advanced economies have to reach net zero before emerging markets and developing
economies, and assist others in getting there. We also recognise that the route mapped out
here is a path, not necessarily the path, and so we examine some key uncertainties, notably
concerning the roles played by bioenergy, carbon capture and behavioural changes. Getting
to net zero will involve countless decisions by people across the world, but our primary aim
is to inform the decisions made by policy makers, who have the greatest scope to move the
world closer to its climate goals.
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Net zero by 2050 hinges on an unprecedented clean technology push to 2030

The path to net-zero emissions is narrow: staying on it requires immediate and massive
deployment of all available clean and efficient energy technologies. In the net-zero
emissions pathway presented in this report, the world economy in 2030 is some 40% larger
than today but uses 7% less energy. A major worldwide push to increase energy efficiency is
an essential part of these efforts, resulting in the annual rate of energy intensity
improvements averaging 4% to 2030 — about three-times the average rate achieved over the
last two decades. Emissions reductions from the energy sector are not limited to COy: in our
pathway, methane emissions from fossil fuel supply fall by 75% over the next ten years as a
result of a global, concerted effort to deploy all available abatement measures and
technologies.

Ever-cheaper renewable energy technologies give electricity the edge in the race to zero.
Our pathway calls for scaling up solar and wind rapidly this decade, reaching annual additions
of 630 gigawatts (GW) of solar photovaltaics (PV) and 390 GW of wind by 2030, four-times
the record levels set in 2020, For solar PV, this is equivalent to installing the world’s currant
largest solar park roughly every day. Hydropower and nuclear, the two largest sources of
low-carbon electricity today, provide an essential foundation for transitions. As the
electricity sector becomes cleaner, electrification emerges as a crucial economy-wide tool
for reducing emissions. Electric vehicles [EVs) go from around 5% of global car sales to more
than 60% by 2030,

PRIORITY ACTION
Make the 2020s the decade of massive clean energy expansion

All the technologies needed to achieve the necessary deep cuts in global emissions by
2030 already exist, and the policies that can drive their deployment are already proven,

As the world continues to grapple with the impacts of the Covid-19 pandemic, it is
essential that the resulting wave of investment and spending to support economic
recovery is aligned with the net zero pathway. Policies should be strengthened to speed
the deployment of clean and efficient energy technologies. Mandates and standards are
vital to drive consumer spending and industry investment inte the most efficient
technologies. Targets and competitive auctions can enable wind and solar to accelerate
the electricity sector transition. Fossil fuel subsidy phase-outs, carbon pricing and other
market reforms can ensure appropriate price signals. Policies should limit or provide
disincentives for the use of certain fuels and technologies, such as unabated coal-fired
power stations, gas boilers and conventional internal combustion engine vehicles,
Governments must lead the planning and incentivising of the massive infrastructure
investment, including in smart transmission and distribution grids.
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Key clean technologies ramp up by 2030 in the net zero pathway
Capacity additions Electric car sales Energy intensity of GDP
sw) (MU per USD ppp)
1200 5
4
3, a
2
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2020 2030 2020 2030 2020 2030
Note: MI = megajoules; GDP = gross domestic product in purchasing power parity.

Net zero by 2050 requires huge leaps in clean energy innovation

Reaching net zero by 2050 requires further rapid deployment of available technologies as
well as widespread use of technologies that are not on the market yet. Major innovation
efforts must occur over this decade in order to bring these new technalogies to market in
time. Most of the global reductions in CO; emissions through 2030 in our pathway come from
technologies readily available today. But in 2050, almost half the reductions come from
technologies that are currently at the demonstration or prototype phase. In heavy industry
and long-distance transport, the share of emissions reductions from technologies that are
still under development today is even higher,

The biggest innovation opportunities concern advanced batteries, hydrogen electralysers,
and direct air capture and storage. Together, these three technology areas make vital
contributions the reductions in CO; emissions between 2030 and 2050 in our pathway,
Innovation over the next ten years = not only through research and development [R&D) and
demonstration but also through deployment — needs to be accompanied by the large -scale
construction of the Infrastructure the technologies will need. This includes new pipelines to
transport captured CO; emissions and systems to move hydrogen around and between ports
and industrial zones.
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PRIORITY ACTION

Prepare for the next phase of the transition by boosting innovation

Clean energy innovation must accelerate rapidly, with governments putting R&D,
demonstration and deployment at the core of energy and climate policy.

Government RED spending needs to be increased and reprioritised. Critical areas such as
electrification, hydrogen, bioenergy and carbon capture, utilisation and storage (CCUS)
today receive only around one-third of the level of public R&D funding of the more
established low-carbon electricity generation and energy efficiency technologies.
Support is also needed to accelerate the roll-out of demonstration projects, to leverage
private investment in R&D, and to boost overall deployment levels to help reduce costs.
Around USD 90 billion of public money needs to be mobilised globally as soon as possible
to complete a portfolio of demonstration projects before 2030, Currently, anly roughly
USD 25 billion is budgeted for that period. Developing and deploying these technologies
would create major new industries, as well as commercial and employment
opportunities.

Annual CO2 emissions savings in the net zero pathway, relative to 2020

2050

B Behaviour changes M Technologies in the market ¥ Technologies under development
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The transition to net zero is for and about people

A transition of the scale and speed described by the net zere pathway eannot be achieved
without sustained support and participation from citizens. The changes will affect multiple
aspects of people’s lives — from transport, heating and cooking to urban planning and jobs.
We estimate that around 55% of the cumulative emissions reductions in the pathway are
linked to consumer choices such as purchasing an EV, retrofitting a house with energy-
efficient technologles or installing a heat pump. Behavioural changes, particularly In
advanced economies = such as replacing car trips with walking, cycling or public transport,
or foregoing a long-haul flight — also provide around 4% of the cumulative emissions
reductions,

Providing electricity to around 785 million people that have no access and clean cooking
solutions to 2.6 billion pecple that lack those options is an integral part of our pathway.
Emissions reductions have to go hand-in-hand with efforts to ensure energy access for all by
2030. This costs around USD 40 billion a year, equal to around 1% of average annual energy
sector investment, while also bringing major co-benefits from reduced indoor air pollution.

Some of the changes brought by the clean energy transformation may be challenging to
implement, so decisions must be transparent, just and cost-effective. Governments need
to eénsure that clean energy transitions are people-centred and inclusive. Household energy
expenditure as a share of disposable income — including purchases of efficient appliances
and fuel bills = rises modestly in emerging market and developing economies in our net zero
pathway as more people gain access to energy and demand for modern energy services
increases rapidly. Ensuring the affordability of energy for households demands close
attention: policy tools that can direct support to the poorest include tax credits, loans and
targeted subsidies.

PRIORITY ACTION

Clean energy jobs will grow strongly but must be spread widely

Energy transitions have to take account of the social and economic impacts on
individuals and communities, and treat people as active participants.

The transition to net zero brings substantial new opportunities for employment, with
14 million jobs created by 2030 in our pathway thanks to new activities and investment
in clean energy. Spending on more efficient appliances, electric and fuel cell vehicles, and
building retrofits and energy-efficient construction would require a further 16 million
workers. But these opportunities are often in different locations, skill sets and sectors
than the jobs that will be lost as fossil fuels decling. In our pathway, around 5 million jobs
are lost. Most of those jobs are located close to fossil fuel resources, and many are well
paid, meaning structural changes can cause shocks for communities with impacts that
persist over time. This requires careful policy attention to address the employment
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losses, It will be vital to minimise hardships assaciated with these disruptions, such as by
retraining workers, locating new clean energy facilities in heavily affected areas wherever
possible, and providing regional aid.

Global employment in energy supply in the net zero pathway, 2019-2030

® Bicenergy
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An energy sector dominated by renewables

In the net zero pathway, global energy demand in 2050 is around 8% smaller than today,
but it serves an economy more than twice as big and a population with 2 billien more
people. More efficient use of energy, resource efficiency and behavioural changes combine
to offset increases in demand for energy services as the world economy grows and access to
energy is extended to all,

Instead of fossil fuels, the energy sector is based largely on renewable energy. Two-thirds
of tatal energy supply in 2050 is from wind, solar, bicenergy, geothermal and hydro energy.
Solar becomes the largest source, accounting for one-fifth of energy supplies. Solar PV
capacity increases 20-fold between now and 2050, and wind power 11-fold.

Net zero means a huge decline in the use of fossil fuels. They fall from almast four-fifths of
total energy supply today to slightly over one-fifth by 2050, Fossil fuels that remain in 2060
are used in goods where the carbon is embodied in the product such as plastics, in facilities
fitted with CCUS, and in sectors where low-emissions technology options are scarce.

Electricity accounts for almost 50% of total energy consumption in 2050. It plays a key role
across all sectors— from transport and buildings to industry — and is essential to produce low-
emissions fuels such as hydrogen. To achieve this, total electricity generation increases over
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two-and-a-balf-times between today and 2050, At the same time, no additional new final
investment decisions should be taken for new unabated coal plants, the least efficient coal
plants are phased out by 2030, and the remaining coal plants still in use by 2040 are
retrofitted. By 2050, almost 90% of electricity generation comes from renewable sources,
with wind and solar PV together accounting for nearly 70%. Most of the remainder comes
from nuclear.

Emissions from industry, transport and buildings take longer to reduce, Cutting industry
emissions by 95% by 2050 involves major efforts to build new infrastructure. After rapid
innovation progress through R&D, demonstration and initial deployment between now and
2030 to bring new clean technologies to market, the world then has to put them into action,
Every month from 2030 onwards, ten heavy industrial plants are equipped with CCUS, three
new hydrogen-based industrial plants are built, and 2 GW of electrolyser capacity are added
atindustrial sites. Policies that end sales of new internal combustion engine cars by 2035 and
boost electrification underpin the massive reduction in transport emissions. In 2050, cars on
the road worldwide run on electricity or fuel cells, Low-emissions fuels are essential where
energy needs cannot easily or economically be met by electricity. For example, aviation relies
largely on biofuels and synthetic fuels, and ammonia is vital for shipping. In bulldings, bans
on new fossil fuel boilers need to start being introduced globally in 2025, driving up sales of
electric heat pumps. Mast old buildings and all new ones comply with zero-carbon-ready
building energy codes.’

PRIORITY ACTION

Set near-term milestones to gel on frack for long-term targets

Governments need to provide credible step-by-step plans to reach their net zero goals,
building confidence among investors, industry, citizens and other countries.

Governments must put in place long-term policy frameworks to allow all branches of
government and stakeholders to plan for change and facilitate an orderly transition.
Long-term national low-emissions strategies, called for by the Paris Agreement, can set
out a vision for national transitions, as this report has done on a global level. These long-
term objectives need to be linked to measurable short-term targets and policies. Our
pathway details more than 400 sectoral and technology milestones to guide the global
journey to net zero by 2050,

' A zero-carbon-ready bulding is highly energy efficient and either uses renewable energy directly or uses an
energy supply that will be fully decarbonised by 2050, such a5 electricity or district heal.
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Key milestones in the pathway to net zero
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There is no need for investment in new fossil fuel supply in our net zero
pathway

Beyond projects already committed as of 2021, there are no new oil and gas fields
approved for development in our pathway, and no new coal mines or mine extensions are
required. The unwavering policy focus on climate change in the net zero pathway results in
a sharp decline in fossil fuel demand, meaning that the focus for oil and gas producers
switches entirely to output — and emissions reductions — from the operation of existing
assets, Unabated coal demand declines by 90% to just 1% of total energy use in 2050, Gas
demand declines by 55% to 1 750 billion cubie metres and oil declines by 75% to 24 million
barrels per day {mb/d), from around 90 mb/d in 2020.

Clean electricity generation, network infrastructure and end-use sectors are key areas for
increased investment. Enabling infrastructure and technologies are vital for transforming
the energy system. Annual investment in transmission and distribution grids expands from
UsD 260 billion today to USD 820 billien in 2030. The number of public charging points for
EVs rises from around 1 million today to 40 million in 2030, requiring annual investment of
almost USD 90 billion in 2030, Annual battery production for EVs leaps from 160 gigawatt-
hours [GWh) today to 6 600 GWh in 2030 —the equivalent of adding almost 20 gigafactories®
each year for the next ten years. And the required roll-out of hydrogen and CCUS after 2030
means laying the groundwork now: annual investment in CO; pipelines and hydrogen-
anabling infrastructure increases from USD 1 billion today to around USD 40 billion in 2030.

PRIORITY ACTION
Drive a historic surge in clean energy investment

Policies need to be designed to send market signals that unlock new business models
and mobilise private spending, especially in emerging economies.

Accelerated delivery of international public finance will be critical to energy transitions,
especially in developing economies, but ultimately the private sector will need to finance
maost of the extra investment required. Mobilising the capital for large-scale
infrastructure calls for closer co-operation between developers, investors, public
financial institutions and governments. Reducing risks for investors will be essential to
ensure successful and affordable clean energy transitions. Many emerging market and
developing economies, which rely mainly on public funding for new energy projects and
industrial facilities, will need to reform their policy and regulatory framewaorks to attract
mare private finance, International flows of long-term capital to these economies will be
needed to support the development of both existing and emerging clean energy
technologies.

? Bathery gigafactory capacity assumation = 35 gigawatt-hours per year,
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Clean energy investment in the net zero pathway
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An unparalleled clean energy investment boom lifts global economic growth

Total annual energy investment surges to USD 5 trillion by 2030, adding an extra
0.4 percentage point a year to annual global GDP growth, based on our joint analysis with
the International Monetary Fund. This unparalleled increase = with investment in clean
energy and energy infrastructure more than tripling already by 2030 - brings significant
economic benefits as the world emerges from the Covid-19 erisis. The jump in private and
government spending creates millions of jobs in clean energy, including energy efficiency, as
well as in the engineering, manufacturing and construction industries. All of this puts global
GDP 4% higher in 2030 than it would be based on current trends.

Governments have a key role in enabling investment-led growth and ensuring that the
benefits are shared by all. There are large differences in macroeconomic impacts between
regions. But government investment and public policies are essential to attract large
amounts of private capital and toe help offset the declines in fossil fuel income that many
countries will experience. The major innovation efforts needed to bring new clean energy
technologies to market could boost productivity and create entirely new industries,
providing opportunities to locate them in areas that see job losses in incumbent industries.
Improvements in air quality provide major health benefits, with 2 million fewer premature
deaths globally from air pollution in 2030 than today in our net zero pathway. Achieving
universal energy access by 2030 would provide a major boost to well-being and productivity
in developing economies.
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New energy security concerns emerge, and old ones remain

The contraction of oil and natural gas production will have far-reaching implications for all
the countries and companies that produce these fuels, No new oil and natural gas fields are
needed in our pathway, and oil and natural gas supplies become increasingly concentrated
in a small number of low-cost producers. For oil, the OPEC share of a much-reduced global
oil supply increases from around 37% in recent years to 52% in 2050, a level higher than at
any point in the history of oil markets. Yet annual per capita income from oil and natural gas
in producer economies falls by about 5%, from USD 1 800 in recent years to USD 450 by the
2030s, which could have knock-on societal effects. Structural reforms and new sources of
revenue are needed, even though these are unlikely to compensate fully for the drop in il
and gas income. While traditional supply activities decline, the expertise of the oil and natural
gas industry fits well with technologies such as hydrogen, CCUS and offshore wind that are
necded to tackle emissions in sectors where reductions are likely to be most challenging,

The energy transition requires substantial quantities of critical minerals, and their supply
emerges as a significant growth area. The total market size of eritical minerals like copper,
cobalt, manganese and various rare earth metals grows almaost sevenfold between 2020 and
2030 in the net zero pathway. Revenues from these minerals are larger than revenues from
coal well before 2030. This creates substantial new opportunities for mining companies. it
also creates new energy security concerns, Including price volatility and additional costs for
transitions, if supply cannot keep up with burgeoning demand.

The rapid electrification of all sectors makes electricity even more central to energy
security around the world than it is today. Electricity system flexibility = needed to balance
wind and solar with evolving demand patterns — gquadruples by 2050 even as retirements of
fossil fuel capacity reduce conventional sources of flexibility. The transition calls for major
increases in all sources of flexibility: batteries, demand response and low-carbon flexible
power plants, supported by smarter and more digital electricity networks. The resilience of
electricity systems to cyberattacks and other emerging threats needs to be enhanced.

PRIORITY ACTION
Address emerging energy security risks now

Ensuring uninterrupted and reliable supplies of energy and critical energy-related
commodities at affordable prices will only rise in importance on the way to net zero.

The focus of energy security will evolve as reliance on renewable electricity grows and
the role of oil and gas diminishes. Potential vulnerabilities from the increasing
importance of elactricity include the variability of supply and cybersecurity risks.
Governments need to create markets for investment in batteries, digital solutions and
electricity grids that reward flexibility and enable adeguate and reliable supplies of
electricity. The growing dependence on critical minerals required for key clean energy
technologies calls for new international mechanisms to ensure both the timely
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availability of supplies and sustainable production, At the same time, traditional energy
security concerns will not disappear, as oil production will become more concentrated,

Glabal energy security indicaters in the net zero pathway

il supply Critical minerals demand Share of solar PV and wind
{mbyfd) {nt) in electricity generation
40 - BIG  Ferrme
B0 err————
20 e
2020 2050 2020 2050 2020 2050

Neote: mbfd = million barrels per day; Mt = million tannes.

International co-operation is pivotal for achieving net-zero emissions by 2050

Making net-zero emissions a reality hinges on a singular, unwavering focus from all
governments — working together with one another, and with businesses, investors and
citizens., All stakeholders need to play their part. The wide-ranging measures adopted by
governments at all levels in the net zero pathway help to frame, influence and incentivise
the purchase by consumers and investment by businesses. This includes how energy
companies invest in new ways of producing and supplying energy services, how businesses
invest in equipment, and how consumers cool and heat their homes, power their devices and
travel.

Underpinning all these changes are policy decisions made by governments. Devising cost-
effective national and regional net zero roadmaps demands co-operation among all parts of
government that breaks down silos and integrates energy into every country’s policy making
on finance, labour, taxation, transport and industry. Energy or environment ministries alone
cannot carry out the policy actions needed to reach net zero by 2050,

Changes in energy consumption result in a significant decline in fossil fuel tax revenues. In
many countries today, taxes on diesel, gasoline and other fossil fuel consumption are an
impartant source of public revenues, providing as much as 10% in some cases. In the net zero
pathway, tax revenue from oil and gas retail sales falls by about 40% between 2020 and 2030.
Managing this decline will require long-term fiscal planning and budget reforms.
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The net zero pathway relies on unprecedented international co-operation among
governments, especially on innovation and investment. The |EA stands ready to support
governments in preparing national and regional net zero roadmaps, to provide guidance and
assistance in implementing them, and to promaote international co-operation to accelerate
the energy transition worldwide,

r PRIORITY ACTION

Take international co-operation o new heights

This is not simply a matter of all governments seeking to bring their national emissions
to net zero - it means tackling global challenges through co-ordinated actions.

Governments must work together in an effective and mutually beneficial manner to
implement coherent measures that cross borders. This includes carefully managing
domestic job creation and local commercial advantages with the collective global need
for clean energy technology deployment. Accelerating innovation, developing
international standards and co-ordinating to scale up clean technologies needs to be
done in a way that links national markets. Co-operation must recognise differences in the
stages of development of different countries and the varying situations of different parts
of society. For many rich countries, achieving net-zero emissions will be mare difficult
and costly without international co-operation. For many developing countries, the
pathway to net zero without international assistance is not clear. Technical and financial
support is needed to ensure deployment of key technologies and infrastructure, Without
greater international co-operation, global CO; emissions will not fall to net zere by 2050,

Global energy-related COz emissions in the net zero pathway and
low International Co-operation Case

NZE

2010 2030 2050 2070 2080

Note: Gt = gigatonnes.

Summuary for policy makers 25



Met Zera Emissions by 2050 Interactive jea,li/nzeroadmap

40 MECO, o N
captured Fossil feels account for
From 2021: almost BO% of TES
Mo new wnabated
caal plants approved - 338
hrdﬂ F mm' M CO i (G Frvm ;

Mo new oil and gas
fields approved for
davalopment:

na new coal mines
of mine extensions

Solar PV and wind
accounts for almost

10% of 1otal electricity

generation

.
Retrofit rates below

& 1% globally
Unabated coal, natural gas
and oil account for over 60%
of 1otal electricity generaticn »
5% of global car
sales are electric
Universal
s mgﬁ All new buildings are
Most naw clean  28re-carbon-ready
technalogies in heavy
industry demonstrated ok £, i 100}
at scale

“ 60% of global car

sales are electric
1020 GW annual ®
salar and wind
additions
130 Mt bow-carbon
hydregen: 850 GW
By electrolysers.
Phase-out of unabated coal
in advanced sconomies
Virtuadly all heavy industry
capacity additions are
alli dial i ::r::::mm low-emissions
mator sales are ™
best I clss Most appliances and
) conling systams sold
o Ore bestinclass

Capacity fitted with

CEUS or co-firing

hydrogen-based

fuals reaches 5% of o Mo naw Enternal
total ganaeration o combustion
engine car sales

Cvarall net-zero emissions ®
alectricity in advanced
economies

v
50% of heavy truck

45100, eaptured salas ana alectiic



Around 90% of

existing capasity in

heavy industries reaches
end ol investrnent n‘.wh-

50% of uisting
buildings ratrofitted to
.wa-ﬂ-’bon-mdy levels

Net-zero emissions
whectricity globally ®

. 0% of fuels used
in awistion are
Phase-cut of all leyer-emissions.
unabated coal and

oil power plants

Electrolyser capacity

reaches 2 400 GW
il demand is 50%
of 2020 level
tore than 80% of heavy
industrial production
s low-emissions
. °
0
bles T R—
almast 0% of total More than B5%
electrizity generation of buildings are
r o 2ero-catban.ready
"l Buildings
rony Oz, <
L'
Quher
°
Abmaost 70% of
alaciricity ganeration
globally from solar PY
and wingd
520 Mt
low-carbon
hydrogen

746 Gt CO, captured

Met Zero Emissions by 2050 Interactive ieali/nzercadmap



Chapter 1

Announced net zero pledges and the energy sector

SUMMARY

# There has been a rapid increase over the last year in the number of governments
pledging to reduce greenhouse gas emissions to net zero. Net zero pledges to date
cover around J0% of global GDP and €O, emissions. However, fewer than a quarter
of announced net zero pledges are fixed in domestic legislation and few are yet
underpinned by specific measures or policies to deliver them in full and on time.

& The Stated Policies Scenario {STEPS) takes account only of specific policies that are in
place or have been announced by governments. Annual energy-related and industrial
process CO; emissions rise from 34 Gt in 2020 to 36 Gt in 2030 and remain around
this level until 2050, if emissions continue on this trajectory, with similar changes in
non-energy-related GHG emissions, this would lead to a temperature rise of around
2.7°C by 2100 (with a 50% probability). Renewables provide almost 55% of global
electricity generation in 2050 {up from 29% in 2020), but clean energy transitions lag
in other sectors. Global coal use falls by 15% between 2020 and 2050; oil use in 2050
is 15% higher than in 2020; and natural gas use is almost 50% higher.

# The Announced Pledges Case (APC) assumes that all announced national net zero
pledges are achieved in full and on time, whether or not they are currently
underpinned by specific policies. Global energy-related and industrial process CO;
emissions fall to 30 Gt in 2030 and 22 Gt in 2050. Extending this trajectory, with
similar action on non-energy-related GHG emissions, would lead to a temperature rise
in 2100 of around 2.1 *C [with a 50% probability). Global electricity generation nearly
doubles to exceed 50000 Twh in 2050, The share of renewables in electricity
generation rises to nearly /0% in 2050, Oil demand does not return to its 2019 peak
and falls about 10% from 2020 to B0 mb/d in 2050, Coal use drops by 50% to
2 600 Mtce in 2050, while natural gas use expands by 10% to 4 350 bem in 2025 and
remains about that level to 2050.

o Efficiency, electrification and the replacement of coal by low-emissions sources in
electricity generation play a central role in achieving net zero goals in the APC,
especially over the period to 2030. The relative contributions of nuclear, hydrogen,
bioenergy and CCUS vary across countries, depending on their circumstances.

# The divergence in trends between the APC and the STEPS shows the difference that
current net zero pledges could make, while underlining at the same time the need for
concrete policies and short-term plans that are consistent with long-term net zero
pledges. However, the APC also starkly highlights that existing net zero pledges, even
if delivered in full, fall well short of what s necessary to reach global net-zero
emissions by 2050,
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1.1 Introduction

Movember 2021 will see the most important UN Framewaork Convention on Climate Change
[UNFCCC) Conference of the Parties (COP 26) since the Paris Agreement was signed in 2015,
As COP 26 approaches, an increasing number of countries have announced long-term goals
to achieve net-zero greenhouse gas (GHG) emissions over the coming decades. On
31 March 2021, the International Encrgy Agency (IEA) hosted a Net Zero Summit to take
stock of the growing list of commitments from countries and companies to reach the goals
of the Paris Agreement, and to focus on the actions necessary to start turning those net zero
goals into reality.

Achieving those goals will be demanding. The Covid-19 pandemic delivered a major shock to
the world economy, resulting in an unprecedented 5.8% decline in CO; emissions in 2020.
However, our monthly data show that global energy-related CO; emissions started to climb
again in December 2020, and we estimate that they will rebound to around 33 gigatonnes of
carbon dioxide (Gt CC;) in 2021, only 1.2% below the level in 2019 (IEA, 2021). Sustainable
economic recovery packages offered a unique opportunity to make 2019 the definitive peak
in global emissions, but the evidence so far points to a rebound in emissions in parallel with
renewed economic growth, at least in the near term [IEA, 2020a).

Recent IEA analyses examined the technologies and policies needed for countries and
regions to achieve net-zero emissions energy systems. The World Energy Outlook 2020
examined what would be needed over the period to 2030 to put the world on a path towards
net-zero emissions by 2050 in the context of the pandemic-related economic recovery
(IEA, 2020b). The Faster Innovation Case in Energy Technology Perspectives 2020 explored
whether net-zero emissions could be achieved globally by 2050 through accelerated energy
technology development and deployment alone: it showed that, relative to baseline trends,
almost half of the emissions savings needed in 2050 to reach net-zero emissions rely on
technologies that are not yet commercially available (IEA, 2020c).

This special report, prepared at the request of the UK President of the COP 26, incorporates
the insights and lessons learned from bath reports to create a comprehensive and detailed
pathway, or roadmap, to achieve net-zero energy-related and industrial process CO;
emissions globally by 2050. It assesses the costs of achieving this goal, the likely impacts on
employment and the economy, and the wider implications for the world. It also highlights
the key milestones for technologles, infrastructure, investment and palicy that are needed
along the road to 2050,

This report is set out in four chapters:

®  Chapter 1 explores the outlook for global CO; emissions and energy supply and use
based on existing policies and pledges. It sets out projections of global energy use and
emissions based on the Stated Policies Scenario (STEPS), which includes only the firm
palicies that are in place or have been announced by countries, including Nationally
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Determined Contributions. It also examines the Announced Pledges Case [APC), a
variant of the STEPS that assumes that all of the net zero targets announced by countries
around the world to date are met in full.

®  Chapter 2 presents the Net-Zero Emissions by 2050 Scenario (NZE), which describes
how energy demand and the energy mix will need to evolve if the world is to achieve
net-zero emissions by 2050. It also assesses the corresponding investment needs and
explores key uncertainties surrounding technology and consumer behaviour.

8  Chapter 3 examines the implications of the NZE for various sectors, covering fossil fuel
supply, the supply of low-emissions fuels (such as hydrogen, ammonia, biofuels,
synthetic fuels and biomethane) and the electricity, transport, industry and builidings
sectors. It highlights the key changes required to achieve net-zero emissions in the NZE
and the major milestones that are needed along the way.

®  Chapter 4 explores the implications of the NZE for the economy, the energy industry,
citizens and governments.

1.2 Emissions reduction targets and net zero pledges
1.21 Nationally Determined Contributions

Under the Paris Agreement, Parties ' are required to submit Nationally Determined
Contributions (NDCs) to the UNFCCC and to implement policies with the aim of achieving
their stated objectives. The process is dynamic; it requiras Parties to update their NDCs every
five years in a progressive manner to reflect the highest possible ambition. The first round of
NDCs, submitted by 191 countries, covers more than 90% of global energy-related and
industrial process €0 emissions.? The first NDCs included some targets that were
unconditional and others that were conditional on international support for finance,
technology and other means of implementation,

As of 23 April 2021, 80 countries have submitted new or updated NDCs to the UNFCCC,
covering just over 40% of global CO; emissions (Figure 1.1).% Many of the updated NDCs
include more stringent targets than in the initial round of NDCs, or targets for a larger
number of sectors or for a broader coverage of GHGs. In addition, 27 countries and the
Eurapean Union have communicated long-term low GHG emissions development strategies
ta the UNFCCC, as requested by the Paris Agreement, Some of these strategies incorporate
a net zero pledge.

! parties refars to the 197 members of the UNFOCC which includes all United Nations member states, United
Nations General Assernbly Observer State of Palestine, UN non-member states Nive and the Cook Islands and
the Eurcpean Lnign,

? Unless otherwise stated, CO; emissions in this report refer Lo energy-related and industrial process €0;
amissions.

 Several countries have indicated that they intead to submit new or updated NDCs iater in 2021 or in 2022,
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Figure 1.1 = Number of countries with NDCs, lang-term stralegies and net
zero pledges, and their shares of 2020 global CO2 emissions
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Around 40% of couniries thot have ratified the Paris Agreement have updated their NDCx,
but nef zero pledges cover around 70% of global CO; emissions

1.2.2 Net-zero emissions pledges

There has bean a rapid increase in the number of governments making pledges to reduce
GHG emissions to net zero (Figure 1.2). In the Paris Agreement, countries agreed to "achieve
abalance between anthropogenic emissions by sources and removals by sinks of greenhouse
gases in the second-half of the century”. The Intergovernmental Panel on Climate Change
[IPCC) Special Report on Global Warming of 1.5 °C highlighted the importance of reaching
net-zero CO; emissions globally by mid-century or sooner to avoid the worst impacts of
climate change (IPCC, 2018).

MNet-zero emissions pledges have been announced by national governments, subnational
jurisdictions, coalitions® and a large number of corporate entities [see Spotlight). As of
23 April 2021, 44 countries and the European Union have pledged to meet a net-zero
emissions target: in total they account for around 70% of global CO; emissions and GDP
[Figure 1.3). Of these, ten countries have made meeting their net zero target a legal
obligation, eight are proposing to make it a legal obligation, and the remainder have made
their pledges in official policy documents.

* Eamptes include: the UN-led Climate Ambition Alliance in which signatories signal they ane working towiards
achieving net-zero emissions by 2050; and the Carbon Neutrality Coalition launched at the UN Climate Summit
In 2017, in which signatories commit to develop long-term low GHG emissions strategies in line with limiting
temperature rises o 1,5 °C,
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Figure 1.2 Number of naficnal net zerc pledges and share of global CO;
emissions covered
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Nates: In law = a net zero pledge has been approved by pardiament and is legally binding. Proposed = a net
zero pledge has been proposed to parliament to be voted inte law. In policy document = a net zero pledpe has
been proposed but does not have legally binding status,

Figure 1.3 = Coverage of announced national net zero pledges
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In contrast to some of the shorter term commitments contained within NDCs, few net zero
pledges are supported by detailed policies and firm routes to implementation. Net-zero
emissions pledges also vary considerably in their timescale and scope. Some key differences

include;

GHG coverage. Most pledges cover all GHG emissions, but some include exemptions or
different rules for certain types of emissions, For example, New Zealand's net zero
pledge covers all GHGs except biogenic methane, which has a separate reduction target,

Sectoral boundaries. Some pledges exclude emissions from specific sectors or activities,
For example, the Metherlands aims to achieve net-zero GHG emissions only in its
electricity sector (as part of an overall aim to reduce total GHG emissions by 95%), and
some countries, including France, Portugal and Sweden, exclude international aviation
and shipping.

Use of carbon dioxide removal {CDR). Fledges take varying approaches to account for
COR within a country’s sovereign territory. COR options include natural CO; sinks, such
as forests and soils, as well as technological solutions, such as direct air capture or
bioenergy with carbon capture and storage. For example, Uruguay has stated that
natural CO; sinks will be used to help itreach net-zero emissions, while Switzerland plans
to use COR technologies to balance a part of its residual emissions in 2050,

Use of international mitigation transfers. Some pledges allow GHG mitigation that
occurs outside a country’s borders to be counted towards the net zero target, such as
through the transfer of carbon credits, while others do not. For example, Norway allows
the potential use of international transfers, while France explicitly rules them out, Some
countries, such as Sweden, allow such transfers but specify an upper limit to their use.
Timeframe. The majority of pledges, covering 35% of global CO; emissions in 2020,
target net-zero emissions by 2050, but Finland aims to reach that goal by 2035, Austria
and lceland by 2040 and Sweden by 2045, Among others, the People’s Republic of China
[hereafter China) and Ukraine have set a target date after 2050,

SPOTLIGHT

How are businesses responding fo the need
te reach net-zero emissions?

There has been a rapid rise in net-zero emissions announcements from companies in
recent years: as of February 2021, around 110 companies that consume large amounts
of energy directly or produce energy-consuming goods have announced net-zero
emissions goals or targets.

Around 60-70% of global preduction of heating and cooling equipment, road vehicles,
electricity and cement is from companies that have announced net-zero emissions
targets (Figure 1.4). Mearly 60% of gross revenue in the technology sector is also
generated by companies with net-zero emission targets. In other sectors, net zero
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pledges cover 30-40% of air and shipping operations, 15% of transport logistics and 109
of construction. All these shares are likely to keep growing as more companies make
pledges.

Figure 1.4 = Sectordl activity of large energy-related companies with
announced pledges to reach net-zero emissions by 2050
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Notes: Scope 1 = direct emissions from energy and other sources owned or controlled. Scope 2 = indirect
emissions from the production of electricity and heat, and fuels purchased and used. Scope 3 = indirect
emissions from sources not owned or directly controlled but related to their activities {such as employee
travel, extraction, transport and production of purchased materials and fuels, and end-use of fuels,
products and services). Partial value chain includes Soope 1 and 2 emissions and Scope 3 emissions in
specilic geographic locations or sections of a company™s value chain,

Source: IEA analysis based on company regosts from the largest 10-25 companies within each sector,

Company pledges may not be readily comparable. Most companies account for emissions
and set net zero pledges based on the GHG Protocol (WRI, WBCSD, 2004), but the
caverage and timeframe of these pledges varies widely. Some cover only their own
emissions, for example by shifting to the use of zero-emissions electricity in offices and
production facilities, and by eliminating the use of oil in transport or industrial
operations, e.g. FedEx, ArcelorMittal and Maersk. Others also cover wider emissions from
certain parts of their values chains, e.g. Renault in Europe, or all indirect emissions
related to their activities, e.g. Daikin, Toyota, Shell, Eni and Heidelberg. Around 60% of
pledges aim to achieve net-zero emissions by 2050, but several companies have set an
earlier deadline of 2020 or 2040.

Around 40% of companies that have announced net zero pledges have yet to set out how
they aim to achieve them. For those with detailed plans, the main options include direct
emissions reductions, use of CO; removal technologies, such as afforestation, bioenergy
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with carbon capture, utilisation and storage [CCUS), or direct air capture with CO;
storage, and purchasing emissions (credits generated through emissions reductions that
occur elsewhere). The use of offsets could be a cost-effective mechanism to eliminate
emissions from parts of value chains where emissions reductions are most challenging,
provided that schemaes to generate emissions credits result in permanent, additional and
verified emissions reductions. However, there is likely to be a limited supply of emissions
cradits consistent with net-zero emissions globally and the use of such credits could
divert investment from options that enable direct emissions reductions.

1.3 Outlook for emissions and energy in the STEPS

The IEA Stated Policies Scenario (STEPS) illustrates the consequences of existing and stated
policies for the energy sector. It draws on the latest information regarding national energy
and climate plans and the policies that underpin them. It takes account of all policies that are
backed by robust implementing legisiation or regulatory measuras, including the NDCs that
countries have put forward under the Paris Agreement up to September 2020 and the energy
eamponents of announced economic stimulus and recovery packages. So far, few net-zero
emissions pledges have been backed up by detailed policies, implementation plans or interim
targets: most net zero pledges therefore are not included in the STEPS.

1.3.1 CO;emissions

Global CO; emissions in the STEPS bring about only a marginal overall improvement in recent
trends. Switching to renewables leads to an early peak in emissions in the electricity sector,
but reductions across all sectors fall far short of what Is required for net-zere emissions In
2050, Annual CO; emissions rebound quickly from the dip caused by the Covid-19 pandemic
in 2020: they increase from 34 Gt in 2020 to 36 Gt in 2030 and then remain around this leval
until 2050 (Figure 1.5). If emissions trends were to continue along the same trajectory after
2050, and with commensurate changes in other sources of GHG emissions, the global
average surface temperature rise would be around 2.7 “C in 2100 (with a 50% probability).

There is strong divergence between the outlook for emissions in advanced economies on ane
hand and the emerging market and developing economies on the other. In advanced
economies, despite a small rebound in the early 2020s, CO; emissions decline by about a
third between 2020 and 2050, thanks to the impact of policies and technological progress in
reducing energy demand and switching to cleaner fuels, In emerging market and developing
economies, energy demand continues to grow strongly because of increased population,
brisk economic growth, urbanisation and the expansion of infrastructure: these effects
outweigh improvements in energy efficiency and the deployment of clean technologies,
causing CO;emissions to grow by almost 20% by the mid-2040s, before declining marginally
to 2050.
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Figure 1.5= Energy-related and industrial process CO: emissions by region
and sector in the STEPS

40 Region Sector
8" International bunkers Other
& Buildings
£l
Transport
Emerging market and
0 developing cconomics
10
lectricl
Advanced economies ElEStaety
2010 2030 2050 2010 2030 2050

E&, Al rights ressrved

Global CO; emissions rebound quickly offer 2020 aond then ploleau,
with declines in advanced economie: olffsel by increazes elsewhere

Note: Other = agricutture and own use in the energy sector.

1.3.2 Total energy supply, total final consumption and
electricity generation

The projected trends in CO; emissions in the STEPS result from changes In the amount of
energy used and the mix of fuels and technologies. Total energy supply [TES)® worldwide
rises by just over 30% between 2020 and 2050 in the STEPS (Figure 1.6). Without a projected
annual average reduction of 2.2% in energy intensity, i.e. energy use per unit of GOP, TES in
2050 would be arcund 85% higher. In advanced economies, energy use falls by around 5% to
2050, despite a 75% increase in economic activity over the period. In emerging market and
developing economies, energy use increases by 50% to 2050, reflecting a tripling of economic
output between 2020 and 2050. Despite the increase in GDP and energy use in emerging
market and developing economies, 750 million people still have no access to electricity in
2050, more than 95% of them in sub-5aharan Africa, and 1.5 billion people continue to rely
an the traditional use of bisenergy for cooking.

The global fuel mix changes significantly between 2020 and 2050. Coal use, which peaked in
2014, falls by around 15%. Having fallen sharply in 2020 due to the pandemic, oil demand
rebounds quickly, returning to the 2019 level of 98 million barrels per day (mb/d) by 2023
and reaching a plateau of around 104 mb/d shortly after 2030, Natural gas demand increases
from 3 900 billion cubic metres (bem) in 2020 to 4 600 bcm in 2030 and 5 700 bcm in 2050,
Nuclear enargy grows by 15% between 2020 and 2030, mainly reflecting expansions in China,

*Total primary energy suppfy (o total primary energy demand] has been renamed total energy supply in
accordance with the International Recemmendations for Enengy Statistics (IEA, 2020d).
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Figure 1.6 = Total energy supply and CO: emissions intensity in the STEPS
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Total final consumption increases in all sectors in the STEPS, led by electricity and natural gas
(Figure 1.7). All the growth is in emerging market and developing economies. The biggest
change in energy use is in the electricity sector (Figure 1.8). Global electricity demand
increases by 80% between 2020 and 2050, around double the overall rate of growth in final
enengy consumption. More than 85% of the growth in global electricity demand comes from
emearging market and developing economies. Coal continues to play an important rele in

electricity generation in those economies to 2050, despite strong growth in renewables:

advanced economies, the use of coal for electricity generation drops sharply.

Figure 1.7 = Total final consumpfion by sector and fuel in the STEPS
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Figure 1.8= Elechicity generation by fuel and share of coal in the STEPS
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1.3.3 Emissions from existing assets

The energy sector contains a large number of long-lived and capital-intensive assets. Urban
infrastructure, pipelines, refineries, coal-fired power plants, heavy industrial facilities,
buildings and large hydro power plants can have technical and economic lifetimes of well
over 50 years. If today's energy infrastructure was to be operated until the end of the typical
lifetime in @ manner similar to the past, we estimate that this would lead to cumulative
energy-related and industrial process CO; emissions between 2020 and 2050 of just under
650 Gt CO;. This is around 30% more than the remaining total CO; budget consistent with
limiting global warming to 1.5 °C with a 50% probability (see Chapter 2).

The electricity sector accounts for more than 50% of the total emissions that would come
from existing assets; 40% of total emissions would come from coal-fired power plants alone.
Industry is the next largest sector, with steel, cement, chemicals and other industry
accounting for around 30% total emissions from existing assets. The long lifetime of
production facilities in these sub-sectors (typically 30-40 years for a blast furnace or cement
kiln} and the relatively young age of the global capital stock explain their large contribution.,
Transport accounts for just over 10% of emissions from existing assets and the buildings
sector accounts for just under 5%. The lifetime of vehicles and equipment in the transport
and buildings sectors is generally much shorter than is the case in electricity and industry —
passenger cars, for example, are generally assumed to have a lifetime of around 17 years =
but associated infrastructure networks such as roads, electricity networks and gas grids have
very long lifetimes.

There are some large regional differences in emissions levels from existing assets
|Figure 1.9). Advanced economies tend to have much older capital stocks than emerging
market and developing economies, particularly in the electricity sector, and existing assets
will reach the end of their lifetimes earlier. For example, the average age of coal-fired power
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plants in China is 12 years and 16 years in the rest of Asia, compared to around 35 years in
Europe and 40 years in the United States (IEA, 2020e).

Figure 1.9 =  Emissions from existing infrastructure by sector and region
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1.4 Announced Pledges Case

The Announced Pledges Case [APC) assumes that all national net-zero emissions pledges are
realised in full and on time. It therefore goes beyond the policy commitments incorporated
in the STEPS. The aim of the APC is to see how far full implementation of the national net-
zero emissions pledges would take the world towards reaching net-zero emissions, and to
examine the scale of the transformation of the energy sector that such a path would require.

The way these pledges are assumed to be implemented in the APC has important
implications for the energy system. A net zero pledge for all GHG emissions does not
necessarily mean that C0: emissions from the energy sector need to reach net zero, For
example, a country’s net zero plans may envisage some remaining energy-related emissions
are offset by the absorption of emissions from forestry or land use, or by negative emissions
arising from the use of bioenergy or direct capture of CO; from the air (DAC) with CCUS. it
is not possible to know exactly how net zero pledges will be implemented, but the design of
the APC, particularly with respect to the details of the energy system pathway, has been
informed by the pathways that a number of national bodies have developed to support net
zero pledges (Box 1.1), Policies in countries that have not yet made a net zero pledge are
assumed to be the same as in the STEPS. Non policy assumptions, including population and
economic growth, are the same as in the STEPS.

* For examole, in recent economy-wide net zero mitigation pathways for the European Union, around
140-210 millien tonnes €03 of emissions from the energy sector rernain in 2050, which are offset by COR from
managed land-use sinks, and bioenergy and DAC with CCUS {European Commission, 2018),
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Box 1.1 Consultations with natienal bedies on achieving national net-
zero emissions goals

To help inform its work on net zero pathways, the IEA engaged in extensive consultations
with experts in academia and national bodies that have developed pathways to support
net zero pledges made by governments. This includes groups that have developed net-
2ero emissions pathways for several countries including China, European Union, Japan,
United Kingdom and United States, as well as the IPCC, These pathways were not used
directly as input for the APC, but the discussions informed our modelling of national
preferences and constraints within each jurisdiction and to benchmark the overall level
of energy-related CO; emissions reductions that are commensurate with economy-wide
net zero goals.

1.4.1 CO;:emissions

In the APC, there is a small rebound in emissions to 2023, although this is much smaller than
the increase that immediately followed the financial crisis in 2008-09. Emissions never reach
the previous peak of 36 Gt CO;. Global CO; emissions fall around 10% to 30 Gt in 2030 and
to 22 Gtin 2050, This is around 35% below the level in 2020 and 14 Gt CO; lower than in the
STEPS (Figure 1.10). If emissions continue this trend after 2050, and with a similar level of
changes in non-energy-related GHG emissions, the global average surface temperature rise
in 2100 would be around 2.1 °C (with a 50% probability).

Figure 1.10 = Global energy-related and industrial process COz emissions by
scenario and reductions by region, 2010-2050
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The net zero pledges that have been made to date therefore make a major difference to the
current trajectory for CO; emissions. Equally, however, existing net zero pledges fall well
short of what is necessary to reach net-zero emissions globally by 2050. This highlights the
importance of concrete policies and plans to deliver in full long-term net zero pledges. Italso
underlines the value of other countries making [and delivering on) net zero pledges: the more
countries that do so, and the more ambitious those pledges are, the more the gap will narrow
with what is needed to reach net-zero emissions by 2050,

The largest drop in CO; emissions is in the APC is in the electricity sector with global emissions
falling by nearly 60% between 2020 and 2050. This oceurs despite a near-doubling of
electricity demand as energy end-uses are increasingly electrified, notably in transport and
buildings (Figure 1,11). This compares with a fall in emissions of less than 15% in the STEPS.

Figure 1.11 = Global COz emissions by sector in the STEPS and APC
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The transport and industry sectors see a less marked fall in CO; emissions to 2050 in the APC,
with increases in energy demand in regions without net zero pledges partially offsetting
emissions reduction efforts in other regions. Emissions from the buildings sector decline by
around 40% between 2020 and 2050, compared with around 5% in the STEPS: fossil fuel use
in buildings is mostly to provide heating, and countries that have made pledges account for
arelatively high proportion of global heating demand.

Even in regions with not zero pledges, there are some residual emissions in 2050, mainly in
industry and transport. This reflects the scarcity of commercially available options to
eliminate all emissions from heavy-duty trucks, aviation, shipping and heavy industry.
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1.4.2 Total energy supply

Global total energy supply increases by more than 15% between 2020 and 2050 in the APC,
compared with a third in the STEPS (Figure 1.12). Energy intensity falls on average by around
2.6% pervyear to 2050 compared with 2.2% in the STEPS. There is a substantial increase in
energy demand in emerging market and developing economies, where economic and
population growth is fastest and where there are fewer net zero pledges, which outweighs
the reductions in energy demand in the countries with net zero pledges.

Figure 1.12 = Total energy supply by source in STEPS and APC
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The global inercase in encrgy supply in the APC is led by renewables, which increase their
share in the energy mix from 12% in 2020 to 35% by 2050 [compared with 25% in 2050 in
the STEPS). Solar photovoltaics [PVY) and wind in the electricity sector together contribute
about 50% of the growth in renewables supply, and bioenergy contributes around 30%.
Bioenergy use doubles in industry, triples in electricity generation and grows by a factor of
four in transport: it plays an important role in reducing emissions from heat supply and
remaving CO; from the atmosphere when it is combined with CCUS. Nuclear maintains its
share of the enargy mix, its output rising by a guarter to 2030 {compared with a 15% increase
in the STEPS), driven by lifetime extensions at existing plants and new reactors in some
countries.

Global coal use falls significantly more rapidly in the APC than in the STEPS, It drops from
5 250 million tonnes of coal equivalent (Mtce) in 2020 to 4 000 Mtce in 2030 and 2 600 Mtce
in 2050 {compared with 4 300 Mtce in the STEPS in 2050). Mast of this decline is due to
reduced coal-fired electricity generation in countries with net zero pledges as plants are
ropurposed, retrofitted or retired. In advanced economies, unabated coal-fired power plants
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are generally phased out over the next 10-15 years. China's coal consumption for electricity
declines by 85% between 2020 and 2050 on its path towards carbon neutrality in 2080, These
declines more than offset continued growth for coal in countries without net zero pledges.
Globally, coal use in industry falls by 25% between 2020 and 2050, compared with a 5%
decling in the STEPS.

Qil demand recovers slightly in the early 20205 but never again reaches its historic peak in
2019, it declines to 90 mb/d in the early 20305 and to 80 mb/d in 2050, around 25 mb/d
lower than in the STEPS, thanks to a strong push to electrify transport and shifts to biofuels
and hydrogen, especially in regions with pledges. Natural gas demand increases from about
3 900 bem in 2020 to around 4 350 bem in 2025, but is then broadly flat to 2050 (it continues
to grow to around 5 700 bem in the STEPS).

1.4.3 Totol final consumption

Global energy use continues to grow in all major end-use sectors in the APC, albeit
substantially more slowly than in the STEPS [Figure 1.13). Total final consumption (TFC)
increases by around 20% in 2020-50, compared with a 35% increase globally in the STEPS,
Measures to improve energy efficiency play a major role in the APC in reducing demand
growth in countries with net zero pledges. Without those efficiency gains, electricity demand
growth would make it much harder for renewables to displace fossil fuels in electricity
generation. The biggest reduction in energy demand relative to the STEPS is in transport,
thanks to an accelerated shift to electric vehicles [EVs), which are around three-times as
energy efficient as conventional internal combustion engine vehicles.

Figure 1.13 = Total final censumption in the APC
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The fuel mix in final energy use shifts substantially in the APC. By 2050, electricity is the
largest single fuel used in all sectors except transport, where oil remains dominant, The
persistence of oil in transport stems partly from the extent of its continued use in countries
without net zero pledges, and partly fram the difficulty of electrifying substantial parts of the
transport sector, notably trucking and aviation. Electricity does make inroads into transport,
however, and rapid growth in the uptake of EVs puts oll use into decline after 2030, with EVs
accounting for around 35% of global passenger car sales by 2030 and nearly 50% in 2050 in
the APC (versus around 25% in the STEPS in 2050). Electrification in the buildings sector is
also much faster in the APC than in the STEPS.

The direct use of renewables expands in all end-use sectors globally through to 2050, Maodern
bigenergy accounts for the bulk of this growth, predominantly through the blending of
biomethane into natural gas networks and liquid biofuels in transport. This occurs mainly in
reglons with net zero pledges. Hydrogen and hydrogen-based fuels play a larger role in the
APC than in the STEPS, reaching almost 15 exajoules (E1) in 2050, though they still account
far only 3% of total final consumption worldwide in 2050, Transport accounts for more than
two-thirds of all hydrogen consumption in 2050. In parallel, on-site hydrogen production in
the industry and refining sectors gradually shifts towards low-carbon technologies.

1.4.4  Electricity generation

Global efectricity generation nearly doubles during the next three decades in the APC, rising
from about 26 800 terawatt-hours [Twh) in 2020 to over 50 (00 TWh in 2050, some
4000 TWh higher than in the STEPS. Low-emissions energy sources provide all the increase.
The share of renewables in electricity generation rises from 29% in 2020 to nearly 70% In
2050, compared with about 55% in the STEPS, as solar PV and wind race ahead of all ather
sources of generation (Figure 1.14). By 2050, solar PV and wind together account for almost
half of electricity supply. Hydropower also continues to expand, emerging as the third-largest
energy source in the electricity mix by 2050. MNuclear power increases steadily too,
maintaining its global market share of about 10%, led by increases in China. Natural gas use
in electricity increases slightly to the mid-20205 before starting to fall back, while coal's share
of electricity generation falls from around 35% in 2020 to below 10% in 2050. At that point,
20% of the remaining coal-fired output comes from plants equipped with CCUS.

Hydrogen and ammonia start to emerge as fuel inputs to electricity generation by around
2030, used largely in combination with natural gas in gas turbines and with coal in coal-fired
power plants. This extends the life of existing assets, contributes to electricity system
adequacy and reduces the overall costs of transforming the electricity sectors in many
countries. Total battery capacity also rises substantially, reaching 1 600 gigawatts (GW) in
2050, 70% more than in the STEPS.
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Figure 1.14 > Global electricity generation by source in the APC
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Chapter 2

A global pathway to net-zero CO; emissions in 2050

SUMMARY

The Met-Zero Emissions by 2050 Scenario [NZE) shows what is needed for the global
energy sector to achieve net-zero CO; emissions by 2050, Alongside corresponding
reductions in GHG emissions from outside the energy sector, this is consistent with
limiting the global temperature rise to 1.5 °C without a temperature overshoot {with
a 50% probability). Achieving this would require all governments to increase
ambitions from current Nationally Determined Contributions and net zero pledges.

# In the NZE, global energy-related and industrial process CO; emissions fall by nearly
40% between 2020 and 2020 and to net zero in 2050, Universal access to sustainable
energy is achieved by 2030. There is a 75% reduction in methane emissions from fossil
fuel use by 2030. These changes take place while the global economy more than
doubles through to 2050 and the global population increases by 2 billion.

= Total energy supply falls by 7% between 2020 and 2030 in the NZE and remains at
around this level to 2050. Solar PV and wind become the leading sources of electricity
globally before 2030 and together they provide nearly 70% of global generation in
2050. The traditional use of bioenergy is phased out by 2030,

® Coal demand declines by 90% to less than 600 Mtce in 2050, oil declines by 75% to
24 mb/d, and natural gas declines by 55% to 1 750 bem. The fossil fuels that remalin
in 2050 are used in the production of non-energy goods where the carbon is
embodied in the product (like plastics), in plants with carbon capture, utilisation and
storage (CCUS), and in sectors where low-emissions technology options are scarce.

# Energy efficiency, wind and solar provide around half of emissions savings to 2030 in
the NZE. They continue to deliver emissions reductions beyond 2030, but the period
to 2050 sees increasing electrification, hydrogen use and CCUS deployment, for which
not all technologies are available on the market today, and these provide more than
half of emissions savings between 2030 and 2050. In 2050, there is 1.9 Gt of CO;
removal in the NZE and 520 milllon tonnes of low-carbon hydrogen demand.
Behavioural changes by citizens and businesses avoid 1.7 Gt COy emissions in 2030,
curb energy demand growth, and facilitate clean energy transitions.

® Annual energy sector investment, which averaged US0 2.3 trillion globally in recent
years, jumps to USD 5 trillion by 2030 in the NZE. As a share of global GDP, average
annual energy investment to 2050 in the NZE is around 1% higher than in recent years.

o The NZE taps into all opportunities to decarbonise the energy sector, across all fuels
and all technologies. But the path to 2050 has many uncertainties. If behavioural
changes were to be more limited than envisaged in the NZE, or sustainable bioenergy
less available, then the energy transition would be more expensive. A failure to
develop CCUS for fossil fuels could delay or prevent the development of CCUS for
process emissions from cement production and carbon removal technologies, making
it much harder to achiove net-zero emissions by 2050,
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2.1 Introduction

Achieving a global energy transition that is compatible with the world’s climate goals is
unguestionably a formidable task. As highlighted in Chapter 1, current pledges by
povernments to reduce emissions to net zero collectively cover around 70% of today's global
economic activity and global CO: emissions. The Announced Pledges Case shows that, if all
those pledges were met in full, it would narrow the gap between where we are heading and
where we need to be to achieve net-zero emissions by 2050 worldwide. But it also shows
that the gap would remain large. Meeting all existing net zero pledges in full would still leave
22 gigatonnes (Gt} of energy-related and industrial process CO; emissions globally in 2050,
cansistent with a temperature rise in 2100 of around 2.1 °C [with a 50% probability).

In this chapter, we examine the energy sector transformation which is embadied in our
Net-Zero Emissions by 2050 Scenario. First, it provides an overview of the key assumptions
and market dynamics underlying the projections, including projected fossil fuel and CO;
prices. It discusses trends in global CO; emissions, energy use and investment, including the
key roles played by efficiency measures, behavioural change, electrification, renewables,
hydrogen and hydrogen-based fuels, bicenergy, and carbon capture, utilisation and storage
(CCUS). Further, it discusses some of the key uncertainties surrounding the global pathway
towards net-zero emissions related to behavioural change, the availability of sustainable
bioenergy, and the deployment of CCUS for fossil fuels. The transformation of specific energy
sectors is assessed and discussed in detail in Chapter 3.

2.2 Scenario design

The Net-Zero Emissions by 2050 Scenario (NZE) Is designed to show what is needed across
the main sectors by various actors, and by when, for the world to achieve net-zero energy-
related and industrial process CO; emissions by 20501 It also aims to minimise methane
emissions from the energy sector. In recent years, the energy sector was responsible for
around three-quarters of global greenhouse gas (GHG) emissions. Achieving net-zero energy-
related and industrial process CO; emissions by 2050 in the NZE does not rely on action in
areas other than the energy sector, but limiting climate change does require such action. We
therefore additionally examine the reductions in C0; emissions from land use that would be
commensurate with the transformation of the energy sector in the NZE, working in
co-operation with the International Institute for Applied Systems Analysis [I1ASA). In parallel
with action on reducing all other sources of GHG emissions, achieving net-zero CO; emissions
from the energy sector by 2050 is consistent with around a 50% chance of limiting the long-
term average global temperature rise to 1.5°C without a temperature overshoot
(IPCC, 2018).

! Unless otherwise stated, carbon dioxide {COz) emissions in this chapter refer to energy-related and industsial
process C0: emissions. Net-zero 00z ernissions refers to zere CO: emissions 10 the atmosghere, e with arny
residual CO; emissions offset by COz removal from direct air capture or bioenengy with carbon capture and
storage,
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The NZE aims to ensure that energy-related and industrial process CO; emissions to 2030 are
in line with reductions in 1.5 *C scenarlos with no or low or limited temperature overshoot
assessed in the IPCC in its Special Report on Global Warming of 1.5 *C.7 In addition, the NZE
incorporates concrete action on the energy-related United Nations Sustainable Development
Goals related to achieving universal energy access by 2030 and delivering a major reduction
in air pollution. The projections in the NZE were generated by a hybrid model that combines
components of the IEA's World Energy Model (WEM), which is used to produce the
prajections in the annual Werld Energy Qutlook, and the Energy Technology Perspectives
[ETP) model.

Box 2.1 = |nternational Energy Agency modelling approach for the NEE

A new, hybrid modelling approach was adopted to develop the NZE and combines the
relative strengths of the WEM and the ETP model. The WEM is a large-scale simulation
model designed to replicate how competitive energy markets function and to examine
the implications of policies on a detailed sector-by-sector and region-by-region basis. The
ETP model is a large-scale partial-optimisation model with detailed technology
descriptions of more than 800 individual technologies across the energy conversion,
industry, transport and buildings sectors.

This is the first time this modelling approach has been implemented. The combination of
the two models allows for a unique set of insights on energy markets, investment,
technologies, and the level and detail of policies that would be needed to bring about the
energy sector transformation in the NZE.

Results from the WEM and ETP model have been coupled with the Greenhouse Gas - Air
Pollution Interactions and Synergies (GAINS) model developed by ASA
(Amann et al.,, 2011). The GAINS model is used to evaluate air pollutant emissions and
resultant health impacts linked to air pollution. For the first time, IEA model results have
also been coupled with the 11ASA's Global Biosphere Management Model (GLOBIOM) to
provide data on land use and net emissions impacts of bioenergy demand.

The impacts of changes in investment and spending on global GDP in the NZE have been
estimated by the International Monetary Fund (IMF) using the Global Integrated
Monetary and Fiscal ({GIMF) madel. GIMF is a multi-country dynamic stochastic general
equilibrium model used by the IMF for policy and risk analysis (Laxton et al., 2010;
Anderson et al,, 2013). It has been used to produce the IMF's World Economic Qutlook
seenario analyses since 2008.

There are many possible paths to achieve net-zera CO; emissions globally by 2050 and many
uncertainties that could affect any of them; the NZE is therefore a path, not the path to net-
zero emissions. Much depends, for example, on the pace of innovation in new and emerging

! The IPCC classifies scenarios as “no or limited temperature overshoot”, if temperatures exceed 1.5 *C by less
than 0.1 *C but return te less than 1.5 *C in 2100, and as *higher overshoot”, if temperatures exceed 1.5 "C by
0.1-0.4 °C but retura to less than 1.5 "Cin 2100,
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technologies, the extent to which citizens are able or willing te change behaviour, the
availability of sustainable bioencrgy and the extent and effectiveness of international
collaboration. We investigate some of the key alternatives and uncertainties here and in
Chapter 3. The Net-Zera Emissions by 2050 Scenario is built on the following principles.

B The uptake of all the available technologies and emissions reduction aptions is dictated
by costs, technology maturity, policy preferences, and market and country conditions.

B All countries co-operate towards achieving net-zero emissions worldwide. This invalves
all countries participating in efforts to meet the net zero goal, working together in an
effective and mutually beneficial way, and recognising the different stages of economic
development of countries and regions, and the impertance of ensuring a just transition,

B Aporderly transition across the enargy sector. This includes ensuring the security of fual
and electricity supplies at all times, minimising stranded assets where possible and
aiming to avoid volatility in energy markets.

2.2.1 Population and GDP

The energy sector transformation in the NZE occurs against the backdrop of large increases
in the world's population and economy [Figure 2.1). In 2020, there were around 7.8 billion
people in the world; this is projected to increase by around 750 million by 2030 and by nearly
2 billion people by 2050 in line with the median variant of the United Nations projections
[UNDESA, 2019]). Nearly all of the population increase is in emerging market and developing
economies: the population of Africa alone increases by more than 1.1 billion between 2020
and 2050,

Figure 2.1 = World population by region and global GDP in the NIE
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The world's economy is assumed to recover rapidly from the impact of the Covid-19
pandemic, Its size returns to pre-crisis levels in 2021, From 2022, the GDP growth trend is
close to the pre-pandemic rate of around 3% per year on average, in line with assessments
from the IMF. The response to the pandemic leads to a large increase in government debt,
but resumed growth, along with low interest rates in many countries, make this manageable
in the long term. By 2030, the world’s ¢conomy is around 45% larger than in 2020, and by
2050 it is more than twice as large.

2.2.2 Energy and €O prices

Projections of future energy prices are inevitably subject to a high degree of uncertainty. In
IEA scenarios, they are designed ta maintain an equilibrium between supply and demand.
The rapid drop in il and natural gas demand in the NZE means that no fossil fuel exploration
is required and no new ail and natural gas fields are required beyond those that have already
been approved for development. No new coal mines or mine extensions are required either.
Prices are increasingly set by the operating costs of the marginal project required to meet
demand, and this results in significantly lower fossil fuel prices than in recent years. The oil
price drops to around USD 35/barrel by 2030 and then drifts down slowly towards
UsD 25/barrel in 2050,

Table 2.1 = Fossil fuel prices In the NIE

Real terms (LSO 2020
IEA crude oil {USD/barrel) 91 a7 35 b1 24
Matural gas (LU5D/MBtu)
United States 51 21 19 20 2.0
European Union 8.7 2.0 BB 38 is
China 7.8 57 52 48 4.6
lapan 12.9 57 44 4.2 41
Steam coal (USD/tonne]
United States G0 45 24 24 22
Eurcpean Union 108 56 51 48 43
Japan 125 75 57 33 43
Coastal China 135 831 60 54 50

Kotes: MBtu = million British thermal units. The IEA crude oil prices are a weighted average import price amoeng
IEA memier countries. Natural gas prices are weighted averages expressed on 3 gross calorific-value basis. US
natural gas prices reflect the wholesale price prevailing on the domestic market. The European Union and
China gas prices reflect a batance of pipeline and liquelied natural gas (LNG) imports, while Japan gas prices
sodely reflect LNG imports. LNG prices used are those at the customs bosder, prios to regasification. Steam
coal prices are weighted averages adjusted to & D00 kilocalories per Kilogramme. US steam coal prices reflect
mine-mouth price plus transport and handling cost. Coasta’ China steam coal price reflects a balance of
impoerts and domestic sales, while the European Union and Japanese steam coal prices are solely for imperts,
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In ling with the principle of orderly transitions governing the NZE, the trajectary for oil
markets and prices avoids excessive volatility, What happens depends to a large degree on
the strategies adopted by resource-rich governments and their national oil companies. In the
WZE it is assumed that, despite having lower cost resources at their disposal, they restrict
investment in new fields. This limits the need for the shutting in and closure of higher cost
production. The market share of major resource-rich countries nevertheless still rises in the
MEZE due to the large size and slow decline rates of their existing fields.

Producer economies could pursue alternative approaches. Faced with rapidly falling oil and
gas demand, they could, for example, opt to increase production so as to capture an even
larger share of the market. In this event, the combination of falling demand and increased
availability of low cost oil would undoubtedly lead to even lower — and probably much more
volatile — prices. In practice, the options open to particular producer countries would depend
an their resilience to lower oil prices and on the extent to which export markets have
developed for low-emissions fuels that could be produced from their natural resources,

Anticipating and mitigating feedbacks from the supply side is a central element of the
discussion about orderly energy transitions, A drop in prices usually results in some rebound
in demand, and policies and regulations would be essential to aveoid this leading to any
increase in the unabated use of fossil fuels, which would undermine wider emissions
reduction efforts.

As the energy sector transforms, more fuels are traded globally, such as hydrogen-based
fuels and biofuels, The prices of these commaodities are assumed to be set by the marginal
cost of domestic production or imports within each region.

A broad range of energy policies and accompanying measures are introduced across all
reglons to reduce emissions in the NZE, This includes: renewable fuel mandates; efficiency
standards; market reforms; research, development and deployment; and the elimination of
inefficient fossil fuel subsidies. Direct emissions reduction regulations are also needed in
some cases. In the transport sector, for example, regulations are implemented to reduce
sales of internal combustion engine vehicles and increase the wse of liquid biofuels and
synthetic fuels in aviation and shipping, as well as measures to ensure that low oil prices do
not lead to an increase in consumption.

CO; prices are introduced across all regions in the NZE [Table 2.2). They are assumed to be
introduced in the immediate future across all advanced economies for the electricity
generation, industry and energy production sectors, and to rise on average to UsSD 130 per
tonne (tC0:) by 2030 and to USD 250/tC0O; by 2050. In a number of other major economies
— including China, Brazil, Russia and South Africa — CO; prices in these sectors are assumed
to rise to around USD 200/tCQ; in 2050, CO; prices are introduced in all other emerging
market and developing economies, although it is assumed that they pursue more direct
policies to adapt and transform their energy systems and so the level of CO; prices is lower
than elsewhere,

52 International Energy Agency | Special Repor



Table 2.2 = CO: prices for electricity, industry and energy preduction in the NIE

USD {2019) per tonne of OO

Advanced economies 75 130 205 250
Selected_. emerging :rlarket and as P 150 200
developing economies®

Other emerging market and
developing economies

* Includes China, Russia, Brazll and South Africa,

2.3 CO; emissions

Glabal energy-related and industrial process C0; emissions in the NZE fall to around
21 Gt CO;in 2030 and to net-zero in 2050 {Figure 2.2).% CO; emissions in advanced economies
as a whole fall to net zero by around 2045 and these countries collectively remove around
0.2 Gt €O, from the atmosphere in 2050. Emissions in several individual emerging market
and developing economies also fall to net zero well before 2050, but in aggregate there are
around 0.2 Gt CO; of remaining emissions in this group of countries in 2050, These are offset
by CO; removal in advanced econamies to provide net-zero CO; emissions at the glabal level.

Figure 2.2> Global net COz emissions in the NIE
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Y in the period to 2030, COz emissions in the NZE fall at a broadly simitar rate to the P2 illustrative pathway in
the IPCC SR 1.5 (IPCC, 2018). The P2 scenario s described as "a scenario with - shifts towards sustainable and
healthy consumption patterns, low-carbon technology innovation, and well-managed land systems with
limited societal acceptability for BECCS [bicenergy with carbon capture and storage]”. After 2030, emissions.
in the NZE fall at a much Taster pace than (n the P2 scenario, which has 5.6 Gt CQy of residual energy sector
and industrial process OOy emissions remaining in 2050.
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Several emerging market and developing economies with avery large potential for producing
renewables-based electricity and bioenergy are also a key source of carbon dioxide removal
[CDR). This includes making use of renewable electricity sources to produce large quantities
of biofuels with CCUS, some of which is exported, and to carry out direct air capture with
carbon capture and storage (DACCS).

Par capita CO; emissions in advanced economies drop from around 8 tC0; per person in 2020
to around 3.5 tC0; in 2030, a level close to the average in emerging market and developing
economies in 2020. Per capita emissions also fall in emerging market and developing
economies, but from a much lower starting point. By the early 2040s, per capita emissions in
both regions are broadly similar at around 0.5 tCO; per person,

Cumulative global energy-related and industrial process CO; emissions between 2020 and
2050 amount to just over 460 Gt in the NZE. Assuming parallel action to address CO;
emissions from agriculture, forestry and other land use [AFOLU) over the period to 2050
would result in around 40 Gt CO; from AFOLY (see section 2.7.2). This means that total CO;
emissions from all sources — some 500 Gt CO; — are in line with the CO; budgets included in
the IPCC 5R1.5, which indicated that the total CO; budget from 2020 consistent with
providing a 50% chance of limiting warming to 1.5 °C is 500 Gt CO; {IPCC, 2018)* As well as
reducing CO; emissions to net-zero, the NZE seeks to reduce non-COy emissions from the
energy sector. Methane emissions from fossil fuel production and use, for example, fall from
115 million tonnes {Mt) methane in 2020 (3.5 Gt CO;-equivalent [COz-eq])® to 30 Mtin 2030
and 10 Mt in 2050.

The fastest and largest reductions in global emissions in the NZE are initially seen in the
electricity sector [Figure 2.3). Electricity generation was the largest source of emissions in
2020, but emissions drop by nearly 0% in the period to 2030, mainly due to major reductions
from coal-fired power plants, and the electricity sector becomes a small net negative source
of emissions around 2040. Emissions from the buildings sector fall by 40% between 2020 and
2030 thanks to a shift away from the use of fossil fuel boilers, and retrofitting the existing
building stock to improve its energy performance. Emissions from industry and transport
both fall by around 20% over this period, and their pace of emissions reductions accelerates
during the 20305 as the roll-out of low-emissions fuels and other emissions reduction options
is scaled up. Nonetheless, there are a number of areas in transport and industry in which it
is difficult to eliminate emissions entirely — such as aviation and heavy industry — and both
sectors have a small level of residual emissions in 2050, These residual emissions are offset
with applications of BECCS and DACCS,

* This budget is based on Table 2.2 of the IPCC SR1.5 {IPCC, 2018). It assurnes 0.53 “C additional warming from
the 2006-2015 period to glve a remaining €0z budget from 2018 of 580 Gt CQ;, There were around 80 Gt C0;
emissions emitted from 2018 te 2020,

¥ Non-C0; gases are converted to C0;-equivalents based on the 100-year global warming potentials reported
by the IPCC 5th Assessment Report (IPCC, 2014). One tonne of methane is equivalent to 30 tonmnes of COp.
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Figure 2.3 = Global net-CO: emissions by sector, and gress and
net COz emissions in the NZE

Gross and net C0; emissions

we Electricity
= Buildings
m—Transport
s NJUSTRY
Other
 Gross C0s
Brmissions
I BECCS and
DACCS
— Pt OOy
emissions -

10
2010 2020 2030 2040 2050

E&. &l rghits reserved
Emissions from eleciicily fall fastest, with declines in industry and Iranspert accelerating
in the 2030s. Around 1.9 Gf CO; are removed In 2050 via BECCS and DACCS.

Nates: Other = agriculture, Tuel preduction, transformation and related precess emissions, and direct air
capture. BECCS = bioenergy with carbon capture and storage; DACCS = direct air capture with carbon cagture
and storage. BECCS and DACCS Includes CO; emissions cagtured and permanently stored.

The MZE includes a systematic preference for all new assets and infrastructure to be as
sustainable and efficient as possible, and this accounts for 50% of total emissions reductions
in 2050, Tackling emissions from existing infrastructure accounts for another 35% of
reductions in 2050, while behavioural changes and avoided demand, including materials
efficiency® gains and modal shifts in the transport sector, provide the remaining 15% of
emissions reductions [see section 2.5.2). A wide range of technologies and measures are
deployed in the NZE to reduce emissions from existing infrastructure such as power plants,
industrial facilities, buildings, networks, equipment and appliances. The NZE is designed to
minimise stranded capital where possible, i.e. cases where the initial investment is not
recouped, but in many cases early retirements or lower utilisation lead to stranded value, i.c.
a reduction in revenue.

The rapid deployment of more energy-efficient technologies, electrification of end-uses and
swift growth of renewables all play a central part in reducing emissions across all sectors in
the NZE (Figure 2.4). By 2050, nearly 90% of all electricity generation is from renewables, as
is around 25% of non-electric energy use in industry and buildings. There is also a major role
for emerging fuels and technologies, notably hydrogen and hydrogen-based fuels, bioenergy
and CCUS, especially in sectors where emissions are often most challenging to reduce.

* Materials efficiency includes strategies that reduce material demand, or shift to the use of lower emissions.
materiais of lower emissions production routes. Examples include lghtweighting and recycling,
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Figure 2.4= Average annual CO:z reductions from 2020 in the NIE
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2.4 Total energy supply and final energy consumption
2.4.1 Total energy supply’

Total energy supply falls to 550 exajoules (E1) in 2030, 7% lower than in 2020 (Figure 2.5).
This occurs despite significant increases in the global population and economy because of a
fall in energy intensity [the amount of energy used to generate a unit of GDP). Energy
intensity falls by 4% on average each year between 2020 and 2030. This is achieved through
a combination of electrification, a push to pursue all energy and materials efficiency
opportunities, behavioural changes that reduce demand for energy services, and a major
shift away from the traditional use of bicenergy.” This level of improvement in energy
intensity is much greater than has been achieved in recent years: between 2010 and 2020,
average annual energy intensity fell by less then 2% each year.

After 2030, continuing clectrification of end-use sectors helps to reduce energy intensity
further, but the emphasis on maximising energy efficiency improvements in the years up to

? The terms total primary energy sapply (TPES) or total primary enengy demand (TPED) have been renamed as
total energy supply {TES) In accordance with the International Recommendations for Energy Statistics
{IEA, 20200).

* Modern forms of cooking require much less energy than the traditional use of biomass in inefficent stoves,
Fo: example, cooking with a liquefied petroleum gas stove uses arcund five-times less energy than the
traditional wse of biomass.
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2030 limits the available opportunities in later years, At the same time, increasing production
of new fuels, such as advanced biofuels, hydrogen and synthetic fuels, tends to push up
energy use. As a result, the rate of decline in energy intensity between 2030 and 2050 slows
to 2.7% per year. With continued economic and population growth, this means that total
energy supply falls slightly between 2030 and 2040 but then remains broadly flat to 2050,
Total energy supply in 2050 in the NZE is close to the level in 2010, despite a global population
that is nearly 3 billion people higher and a global economy that is over three-times larger.

Figure Z.5= Total energy supply in the NIE
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The energy mix in 2050 in the NZE is much more diverse than today. In 2020, oil provided
30% of total energy supply, while coal supplied 26% and natural gas 23%. In 2050, renewables
provide two-thirds of energy use, split between bioenergy, wind, solar, hydroelectricity and
geathermal (Figure 2.6). There is also a large increase in energy supply from nuclear power,
which nearly doubles between 2020 and 2050.

There are large reductions in the use of fossil fuels in the NZE. As a share of total energy
supply, they fall from 80% in 2020 to just over 20% in 2050. However, their use does not fall
to zero in 2050: significant amounts are still used in producing non-energy goods, in plants
with CCUS, and in sectors where emissions are especially hard to abate such as heawy
industry and long-distance transport. All remaining emissions in 2050 are offset by negative
emissions elsewhere (Box 2.2). Coal use falls from 5 250 million tonnes of coal eguivalent
(Mtce) in 2020 to 2 500 Mtee in 2030 and to less than 600 Mtoe in 2050 - an average annual
decline of 7% each year fram 2020 to 2050, Qil demand dropped below 90 million barrels
per day (mb/d) in 2020 and demand does not return to its 2019 peak: it falls to 72 mb/d in
2030 and 24 mb/d in 2050 - an annual average decline of more than 4% from 2020 to 2050,
Matural gas use dropped to 3 900 billion cubic metres (bem) in 2020, but exceads its pravious
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2019 peak in the mid-2020s before starting to decline as it is phased out in the electricity
sector, Natural gas use declines to 3 700 bem in 2030 and 1 750 bem in 2050 - an annual
average decline of just under 3% from 2020 to 2050.

Figure 2.6 = Total energy supply of unabated fossil fuels and low-emissions
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B P P PP TP P R TP .thr
CWind
400 ssimsguum Il s l ...... Traditional

Unabated fossil fuels Low-emissions

BN, #ooeisHs i S PSSR IS EE SR | SRS R PHE IS RS RS B Other

renewables

use of biomass

111 IS L R ...... s e e et g i e s, n Mudern
. bicenergy
! \ B Hydro
— : ! i Natural gas
| - B = H Coal

2010 2020 2030 2040 2050 I 2010 2020 2030 2040 2050

Ea Al rights ressrved

Some fossil fuels ore still vsed in 2050 in the produchion of nen-energy goods,

in plants equipped with CCUS, ond in sectors where emitsions are hord fo obate

MNote: Low-emissions includes the use of fossil fuels with CCUS and in non-energy uses.

Bex 2.2 = Why does fossil fuel use not fall te zere in 2050 in the NIE?

In total, around 120 EJ of fossil fuels is consumed in 2050 in the NZE relative to 460 EJ in
2020. Three main reasons underiie why fossil fuel use does not fall to zero in 2050, even
though the energy sector emits no CO; on a net basis:

Use for non-energy purposes. More than 30% of total fossil fuel use in 2050 in the
MEZE = including 70% of il use = is in applications whera the fuels are not combustad
and so do not result in any direct CO; emissions (Figure 2.7). Examples include use
as chemical feedstocks and in lubricants, paraffin waxes and asphalt. There are
major efforts to limit fossil fuel use in these applications in the NZE, for instance

global plastic collection rates for recycling rising from 15% in 2020 to 55% in 2050,

but fossil fuel use in non-energy applications still rises slightly to 2050.

Use with CCUS. Around half of fossil fuel use in 20501s in plants equipped with CCUS
laround 3.5 Gt CO; emissions are captured from fossil fuels in 2050). Around
925 bem of natural gas is converted to hydrogen with CCUS. In addition, around
470 Mtce of coal and 225 bem of natural gas are used with CCUS in the electricity

and industrial sectors, mainly to extend the operations of young facilities and reduce

stranded assets,
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B Use in sectors where technology options are scarce. The remaining 20% of fossil
fuel use in 2050in the NZE is in sectars where the complete elimination of emissions
is particularly challenging. Mostly this is oil, as it continues to fuel aviation in
particular. A small amount of unabated coal and natural gas are used in industry and
in the production of energy. The unabated use of fossil fuel results In around
1.7 Gt CO; emissions in 2050, which are fully offset by BECCS and DACCS.

Figure 2.7 > Fossil fuel use and share by sector in 2050 in the NIE
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Notes: Non-combustion includes use for non-emitting, non-energy purposes such as petrochemical
feadstocks, lubsicants and asphalt. Energy production includes fuel use Tor direct air capture.

Solid, liguid and gaseous fuels continue to play an important role in the NZE, which sees large
increases in bioenergy and hydrogen (Figure 2.8). Around 40% of bioenergy used today is for
the traditional use of blomass in cooking: this is rapidly phased out in the NZE. Madern forms
of solid biomass, which can be used to reduce emissions in both the electricity and industry
sectors, rise from 32 Elin 2020 to 55 EJin 2030 and 75 El in 2050, offsetting a large portion
of a drop in coal demand, The use of low-emissions liquid fuels, such as ammaonia, synthetic
fuels and liquid biofuels, increases from 3.5 EJ (1.6 million barrels of oil equivalent per day
[mboe/d]) in 2020 to just above 25 EI {12.5 mboe/d) in 2050. The supply of low-emissions
gases, such as hydrogen, synthetic methane, biogas and biomethane rises from 2 EJ in 2020
to 17 EJ in 2030 and 50 EJ in 2050. The increase in gaseous hydropen production betweaen
2020 and 2030 in the NZE is twice as fast as the fastest ten-year increase in shale gas
production in the United States.
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Figure 2.8 = Solid, liquid and gaseous fuels in the NZE
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2.4.2 Total finol consumption

Total final consumption worldwide rebounds marginally following its 5% drop in 2020, but it
never returns to 2019 levels in the NZE [435 E1). It falls by just under 1% sach year on average
between 2025 and 2050 to 340 EL Energy efficiency measures and electrification are the two
main contributing factors, with behavioural changes and materials efficiency also playing a
role. Without these improvements, final energy consumption in 2050 would be around
640 EJ, around 90% higher than the level in the NZE. Final consumption of electricity
increases by 25% from 2020 to 2030, and by 2050 it is more than double the level in 2020.
The increase in electricity consumption fram end-uses sectors and from hydrogen production
means that overall annual electricity demand growth is equivalent to adding an electricity
market the size of India every year in the NZE. The share of electricity in global final energy
consumption jumps from 20% in 2020 to 26% in 2030 and to around 50% in 2050 (Figure 2.9).
The direct use of renewables in buildings and industry together with low-emissions fuels such
as bioenergy and hydrogen-based fuels provide a further 28% of final energy consumption
in 2050; fossil fuels comprise the remainder, most of which are used in non-emitting
processes or in facilities equipped with CCUS.

In industry, most of the global emissions reductions in the NZE during the period to 2030 are
delivered through energy and materials efficiency improvements, electrification of heat, and
fuel switching to solar thermal, geothermal and bioenergy. Thereafter, CCUS and hydrogen
play an increasingly important role in reducing €O, emissions, especially in heavy industries
such as steel, cement and chemicals, Electricity consumption in industry more than doubles
between 2020 and 2050, providing 45% of total industrial energy needs in 2050 (Figure 2,10}

&0 International Energy Agency | Special Report



The demand for merchant hydrogen in industry increases from less than 1 Mt today to
around 40 Mt in 2050. A further 10% of industrial energy demand in 2050 Is met by fossl|
fuels used in plants equipped with CCUS.

Figure 2.9 > Global total final consumption by fuel in the NZE
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The share of electnicity in final energy use jumps from 20% in 2020 to 50% In 2050

Note: Hydrogen-based includes hydrogen, ammonia and synthetic fuels,

In transport, there is a rapid transition away from oil worldwide, which provided more than
90% of fue| use in 2020. In road transport, electricity comes to dominate the sector, providing
more than 60% of energy use in 2050, while hydrogen and hydrogen-based fuels play a
smaller role, mainly in fuelling long-haul heavy-duty trucks. In shipping, energy efficiency
improvements significantly reduce energy needs (especially up to 2030), while advanced
biofuels and hydrogen-based fuels, such as ammaonia, increasingly displace oil. In aviation,
the use of synthetic liguids and advanced biofuels grows rapidly, and their share of total
energy demand rises from almost zero today to almost 80% in 2050, Overall, electricity
becomes the dominant fuel in the transport sector globally by the early 20405, and it
accounts for around 45% of energy consumption in the sactor in 2050 (compared with 1.5%
in 2020), Hydrogen and hydrogen-based fuels account for nearly 30% of consumption
lalmost zero in 2020) and bloenergy for a further 15% (around 4% in 2020).

In buildings, the electrification of end-uses including heating leads to demand for electricity
increasing by around 35% between 2020 and 2050: it becomes the dominant fuel, reaching
16 000 terawatt-hours [TWh) in 2050, and accounting for two-thirds of total buildings sector
energy consumption. By 2050, twa-thirds of residential buildings in advanced economies and
around 40% of residential buildings in emerging market and developing economies are fitted
with a heat pump. Onsite renewables-based energy systems such as solar water heaters and
biomass bailers provide a further quarter of final energy use in the buildings sector in 2050
(up from 6% in 2020). Low-emissions district heating and hydrogen provide only 7% of energy
use, but play a significant role in some regions.
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Figure 2.10 = Global final energy consumplion by sector and fuel in the NIE
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Note: Hydrogen-based includes hydrogen, ammonta and synthetic fuels.

Buildirgs energy consumption falls by 25% between 2020 and 2030, largely as a result of a
major push to improve efficiency and to phase out the traditional use of solid biomass for
cooking: it is replaced by liqguefied petroleum gas (LPG), biogas, electric cookers and
improved bioenergy stoves. Universal access to electricity is achieved by 2030, and this adds
less than 1% to global electricity demand in 2030, Energy consumption in the buildings sector
contracts by around 15% between 2030 and 2050 given continued efficiency improvements
and electrification, By 2050, energy use in buildings is 35% lower than in 2020, Energy
efficiency measures — including improving building envelopes and ensuring that all new
appliances broaught to market are the most efficient models available = play a key role in
limiting the rise in electricity demand in the NZE. Without these measures, electricity
demand in buildings would be around 10 000 TWh higher in 2050, or around 70% higher than
the level in the NZE.

SPOTLIGHT

How does the NIE compare with similar 1.5 *C scenarios
assessed by the IPCC?

The IPCC SR1.5 includes 90 individual scenarios that have at least a 50% chance of limiting
warming in 2100 to 1.5 °C (IPCC, 2018).° Only 18 of these scenarios have net-zero CO;
energy sector and industrial process emissions in 2050, In other words, only one-in-five
of the 1.5°C scenarios assessed by the IPCC have the same level of emissions reduction

¥ includes 53 scenarios with no or limited termpesature overshoot and 37 scenarios with a higher temperature
overshoot.
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ambition for the energy and industrial process sectors to 2050 as the NZE® Some
comparisons between these 18 scenarios and the NZE in 2050 (Figure 2.11):

Figure 2.11 = Comparisen of selected indicateors of the IPCC scenarios and
the NIEin 2050

Energy-related COR Bioenergy TES

Hydrogen in TFC

B Scenarios assessed by IPCC B NZE

EA. Al nghts reserved
The NIE has the iowes! level of energy-reloled CDR and bioenergy of any scenario thel
achieves nef-zero energy seclor and industriial process CO; emissions i 2050

Notes: CCUS = carbon capture, utilisation and storage; COR = carbon direct removal; TES = total energy
supply; TFC = total final consumption, Enegy-related COR includes €Oz captured through boenergy with
CCUS and direct air capture with CCUS and put into permanent storage. Wind and solar share are given
as a percentage of total electricity generation. Only 17 of the 18 scenarios assessed by the IPCC report
trydrogen use in TFC,

B Use of CCUS. The scenarios assessed by the IPCC have a median of around 15 Gt CO;
captured using CCUS in 2000, more than double the level in the NZE.

8 Use of COR. CO; emissions captured and stored from BECCS and DACCS in the IPCC
scenarios range from 3.5-16 Gt COsin 2050, compared with 1.9 Gt COzin the NZE.

¥ The low-energy demand scenario has anound 4.5 Gt €0y energy sector and industrial process emissions in
2050 and is not included in this comparison,
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B Bicenergy. The IPCC scenarios use a median of 200 EJ of primary bioenergy in 2050
{compared with 63 EJ today) and a number use more than 300 EJ. The NZE uses
100 EI of primary bioenergy in 2050.

®  Energy efficiency. Tetal final consumption in the IPCC scenarios range from
300-550 EJ in 2050 [compared with around 410 EJ in 2020). The NZE has final energy
consumption of 340 EI in 2050.

B Hydregen. The IPCC scenarios have a median of 18 E] hydrogen in total final
consumption in 2050, compared with 33 £ inthe NZE™

B Electricity generation, The shares of wind and solar in total electricity generation in
2050 in the IPCC scenarios range from around 15-80% with a median value of 50%.
In the NZE, wind and solar provide 70% of total generation in 2050,

2.5 Key pillars of decarbonisation

Achieving the rapid reduction in CO; emissions over the next 30 years in the NZE requires a
broad range of policy approaches and technologies (Figure 2.12). The key pillars of
decarbonisation of the global energy system are energy efficiency, behavioural changes,
electrification, renewables, hydrogen and hydrogen-based fuels, bicenergy and CCUS,

Figure 2.12 = Emissions reductions by mitigation measure in the NIE, 2020-2050
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Solar, wind and energy efficiency deliver oround half of emissions reductions lo 2030
in the NIE, while elechificalion, CCUS and hydrogen romp up therealler

Notes: Activity = energy service demand changes from economic and population growth. Behaviour = energy
service demand changes from user decisions, eg. changing heating temperatures. Avolded demand = energy
service demand changes from technology developments, e.g. digitalisation. Other fuel shifts = switching from
coal and of| to natural gas, nuclear, hydropower, peothermal, concentrating solar power of marine.

" The NZE value for hydrogen includes the total energy content of hydrogen and hydrogen-based fuels
consumed in Tinal energy comsumption.
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251 Energy efficiency

Minimising energy demand growth through improvements in energy efficiency makes a
critical contribution in the NZE, Many efficiency measures in industry, buildings, appliances
and transport can be put into effect and scaled up very quickly. As a result, energy efficiency
measures are front-loaded in the NZE, and they play their largest role in curbing energy
demand and emissions in the period to 2030. Although energy efficiency improves further
after 2030, its contribution to overall emissions reductions falls as other mitigation measures
play an expanding role. Without the energy efficiency, behavioural changes and
electrification measures deployed in the NZE, final energy consumption would be around
300 EJ higher in 2050, almost 90% above the 2050 level in the NZE (Figure 2.13). Efficiency
improvements also help reduce the vulnerability of businesses and consumers to potential
disruptions to electricity supplies.

Figure 2.13 = Total final consumption and demand avoided by mitigation
measure in the NIE

Industry Bulldings Transport

2020 2030 2050 2020 2030 2050 2020 2030 2050
w NZE demand Avoided due to: @ Electricity # Other fuel switch . Efficiency @ Bahaviour
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Energy efficiency ploys a key role in reducing energy consumplion across end-use secfors

Notes: CCUS = carbon capture utilisation and storage, Other fuel switch Includes switching to hydrogen-related
Tuwels, bioenergy, solar thermal, geothermal, or district heat.

In the buildings sector, many efficiency measures yield financial savings as well as reducing
energy use and emissions. In the MZE, there are immediate and rapid improvements in
energy efficiency in buildings, mainly from large-scale retrofit programmes. Around 2.5% of
existing residential buildings in advanced economies are retrofitted each year to 2050 in the
MZE to comply with zero-carbon-ready building standards'? {compared with a current retrofit
rate of less than 1%). In emerging market and developing economies, building replacement

12 & rero-carbon-ready building is highly energy efficient and uses either renewable enengy directly or from an
energy supply that will be fully decarbonised by 2050 in the NZE {such as electricity or district heat). A zero-
carbon-ready building will become a rero-carben ballding by 2050, without further changes to the building or
its equipment {see Chapter 3),
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rates are higher and the annual rate of retrofits is around 2% through to 2050, By 2050, the
vast majority of existing residential buildings are retrofitted to be zero-carbon buildings.
Energy-related building codes are introduced in all regions by 2030 to ensure that virtually
all new bulldings constructed are zero-carbon-ready. Minimum energy performance
standards and replacement schemes for low-efficiency appliances are introduced or
strengthened in the 2020s in all countries. By the mid-2030s, nearly all household appliances
sold worldwide are as efficient as the most efficient models available today.

In the transport sector, stringent fuel-economy standards and ensuring no new
passenger cars running on internal combustion engines (ICEs) are sold globally from 2035
result in a rapid shift in vehicle sales toward much more efficient electric vehicles (Evs).” The
impact on efficiency is seen in the 2030s, as the composition of the vehicle stack changes:
electric cars make up 20% of all cars on the road in 2030 and 60% in 2040 (compared with
1% today). Continuous improvements in the fuel economy of heavy road vehicles take place
through to 2050 as they switch to electricity or fuel cells, while efficiency in shipping and
aviation improves as more efficient planes and ships replace existing stock.

In the industry sector, most manufacturing stock is already guite efficient, but there are still
opportunities for energy efficiency improvements. Energy management systems,
best-in-class industrial equipment such as electric motors, variable speed drives, heaters and
grinders are installed, and process integration options such as waste heat recovery are
exploited to their maximum economic potentials in the period to 2030 in the NZE. After 2030,
the rate of efficiency improvement slows because many of the technologies needed to
reduce emissions in industry in the NZE require more energy than their eguivalent
conventional technologies. The use of CCUS, for example, increases energy consumption to
operate the capture equipment, and producing electrolytic hydrogen on-site requires
additional energy than that needed for the main manufacturing process.

Table 2.2 = Key glebal milestones lor energy efficiency in the NIE

Sector 2020 2030 2050
Total energy supply 2010-20  2020-30 2030-50
Annwal energy intensity improvement {MJ per USD GDF) -1.6% 4.2% -3.T%
Industry
Energy intensity of direct reduced iran from natural gas (Gl per tonne) 12 11 10
Process energy intensity of primary chemicals (G per toane] 17 16 15
Transport
Average fuel consumption of ICE heavy trucks fleet (index 2020=100) 100 Bl 63
mings
Share of zero-carbon-ready buildings in total stock <1% 25% *B5%
New buildings: heating & cooling energy consumption (index 2020=100) 100 50 n
Apnliances: unit energy consumption (index 2020=100) 100 75 60

Nabes: ICE = internal combustion engine; pere-carbon-ready buildings = see description in section 3.7,

¥ {n 2020, the average battery electric car required around 30% of the energy of the average ICE car to provide
the same level of activity,
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2.5.2 Behavioural change

The wholescale transformation of the energy sector demonstrated in the NZE cannot be
achieved without the active and willing participation of citizens. It is ultimately people who
drive demand for energy-related goods and services, and societal norms and personal
choices will play a pivotal role in steering the energy system onto a sustainable path. Just
under 40% of emissions reductions in the NZE result from the adoption of low-carbon
technologies that require massive policy support and investment but little direct
engagement from citizens or consumers, €.g. technologies in electricity generation or steel
production. A furthar 55% of emissions reductions require a mixture of the deployment of
low-carbon technologies and the active involvement or engagement of citizens and
consumers, €.g. installing a solar water heater or buying an £V, A final B% of emissions
reductions stem from behavioural changes and materials efficiency gains that reduce energy
demand, e.g. flying less for business purposes (Figure 2.14). Consumer attitudes can also
impact investment decisions by businesses concerned about public image.

In the NZE, behavioural change refers to changes in ongoing or repeated behaviour on the
part of consumers which impact energy service demand or the energy intensity of an energy-
related activity.” Reductions in energy service demand in the NZE also come from advances
in technology, but these are not counted as behavioural changes. For example, increased
digitalisation and a growing market share of smart appliances, such as smart thermostats or
space-differentiated thermal controls reduce the necessity for people to play an active role
in energy saving in homes over time in the NZE.

There are three main types of behavioural change included in the NZE. A wide range of
government interventions could be used to motivate these changes (see section 2.7.1),

®  Reducing excessive or wasteful energy use. This includes reducing energy use in
buildings and on roads, e.g. by reducing indoor temperature settings, adopting energy
saving practices in hames and limiting driving speeds on motorways to 100 kilometres
per hour.

B Transport mode switching. This includes a shift to cycling, walking, ridesharing or taking
buses for trips in cities that would otherwise be made by car, as well as replacing
regional air travel by high-speed rail in regions where this is feasible. Many of these
types of behavioural changes would represent a break in familiar ar habitual ways of life
and as such would require a degree of public acceptance and even enthusiasm. Many
would also require new infrastructure, such as cycle lanes and high-speed rail networks,
clear policy support and high quality urban planning.

®  Materials efficiency gains. This includes reduced demand for materials, e.g. higher rates
of recycling, and improved design and construction of buildings and vehicles. The scope
for gains to some extent reflects societal preferences, For instance, in some places there

* This means, for example, that purchasing an electric heat pump instead of a gas boiler is not considered as
a behavioural change, as it is both an infrequent event and does not necessarily impact energy service
demand,
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has been a shift away from the wse of single-use plastics in recent years, a trend that
accelerates in the MZE. Gains in materials efficiency depend on a mixture of technical
innovation in manufacturing and buildings construction, standards and regulations to
support best-practice and ensure universal adoption of these innovations, and increased

recycling in society at large.

Figure 2.14 = Role of technelegy and behavioural change in emissions
reductions in the NIE

2020 2030 2040 2050
Behavioural changes
and materials

Low-carbon
technologies with the
active involvement
of consumers

Gt €O,

EA Al rights reserved
Around 8% of emissions reduciions stem frem behavioural changes and malerials efficiency

Nates: Low-carbon technolegies include low-carbon electricity generation, low-carbon gases in end-uses and
bicfuels. Low-carbon technologies with the active involvement of citizens includes fuel switching,
electrification and efficiency gains in end-uses. Behavioural changes and materials efficiency includes
transport mode switching, curbing excessive or wasteful energy use, and materials efficiency measures,

Three-guarters of the emissions reductions from behavioural changes in the NZE are
achieved through targeted government policies supported by infrastructure development,
g a shift to rail travel supported by high-speed railways. The remainder come from
adopting voluntary changes in energy saving habits, mainly in homes. Even in this case, public
awareness campaigns can help shape day-to-day cholces about how consumers use energy.
| Details of what governments can do to help bring about behavioural changes are discussed
in Chapter 4).

Behavioural changes reduce energy-related activity by around 10-15% on average over the
period to 2050 in the NZE, reducing overall glebal energy demand by over 37 El in 2050
|Figure 2.15). In 2030, around 1.7 Gt CO; emissions are avoided, 45% of which come from
transport, notably through measures to phase out car use in cities and to improve fuel
economy. For example, reducing speed limits on motorways to 100 km/h reduces emissions
from road transport by 3% or 140 Mt CO;zin 2030, A shift away from single aceupancy car use
towards ridesharing or cycling and walking in large cities saves a further 185 Mt €O, Around
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40% of emissions savings in 2030 occur in industry because of improvements in materials
efficiency and increased recycling, with the biggest impacts coming from reducing waste and
improving the design and construction of buildings. The remainder of emissions savings in
2030 are from behavioural changes in buildings, for example adjusting space heating and
cooling temperatures.

Figure 2.15 = CO2 emissions and energy demand reductions from
behavioural changes and materials efficiency in the NIE

Emissions Energy demand
2030 2040 2050 2030 2040 2050

B Transport
¥ Buildings
" Industry
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By 2030, behaviow changes and maenals efficiency gains reduce emissions by
1.7 Gt COs and energy demand by 27 El: reduclions increase further through lo 2050

In 2050, the growing importance of low-emissions electricity and fuels in transport and
buildings means that 90% of emissions reductions are in industry, predominantly in those
sectors where it s most challenging to tackle emissions directly. Material efficiency alone
reduces demand for cement and steel by 20%, saving around 1 700 Mt CO;. Of the emissions
reductions in transport in 2050, nearly 80% come from measures to reduce passenger
aviation demand, with the remainder from road transport.

The scope, scale and speed of adoption of the behavioural changes in the NZE varies widely
between regions, depending on several factors including the ability of existing infrastructure
ta support such changes and differences in geography, climate, urbanisation, social norms
and cultural values. For example, regions with high levels of private car use today see a more
gradual shift than othars towards public transport, shared car use, walking and cycling; air
travel is assumed to switch to high-speed rail on existing or potential routes only where trains
could offer a similar journey time; and the potential for moderating air conditioning in
buildings and vehicles takes into account seasonal effects and humidity. Wealthier regions
generally have higher levels of per capita energy-related activity, and behavioural changes
play an especially important role in these regions in reducing excessive or wasteful energy
consumption.
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Mast of the behavioural changes in the NZE would have some effect on nearly everyone's
daily life, but none represents a radical departure from energy-reducing practices already
experienced in many parts of the world today. For example, in Japan an awareness campaign
has successfully reduced cooling demand in line with the reductions assumed in many
regions in the NZE by 2040; legislation to limit urban car use has been introduced in many
large cities; and speed limit reductions to areund 100 kmy/h (the level adopted globally in the
MZE by 2030) have been tested in the United Kingdom and Spain to reduce air pollution and
improve safety.

Table 2.4 & Key global milestones for behavioural change in the NLE

Sector Year Milestonea

Industry 2020 + Global average plastics collection rate = 17%,

2030 = Global average plastics collection rate = 37%,
» Lghtweighting reduces the weight of an average passenger car by 10%.

2050 » Global average plastics collection rate = 54%.
» Efficiency of fertiliser use improved by 10%.

Transport 2030 » Eco-driving and motorway speed limits of 100 km/fh introduced.
# Use of ICE cars phased out in large cities.

2050 = Regional fiights are shifted to high-speed rall where feasible.
+ Business and long-haul lelsure air travel does not exceed 2013 levels,

Bulldings 2030 » Space heating temperatures moderated to 19-20 °C on average.
# Space cooling temperatures moderated to 24-25°C on average.

» Excessive hot-water temperatures reduced.

2050 # Use of energy-intensive materials per unit of flocr area decreases by 30%,
+ Building lifetime extended by 20% on average.

Note: Eco-driving invoives pre-emptive stopping and starting; ICE = internal combustion engine.

2.5.3 Electrification

The direct use of low-emissions electricity in place of fossil fuels is one of the most important
drivers of emissions reductions in the NZE, accounting for around 20% of the total reduction
achieved by 2050. Global electricity demand more than doubles between 2020 and 2050,
with the largest absolute rise in electricity use in end-use sectors taking place in industry,
which registers an increase of more than 11 000 TWh between 2020 and 2050, Much of this
is due to the increasing use of electricity for low- and medium-temperature heat and in
secondary scrap-based steel production (Figure 2.16).

In transport, the share of electricity increases from less than 2% in 2020 to around 45% in
2050 in the NZE. More than 60% of total passenger car sales globally are EVs by 2030
(compared with 5% of sales in 2020), and the car fleet is almost fully electrified worldwide
by 2050 {the remainder are hydrogen-powered cars). The increase in electric passenger car
sales globally over the next ten years is over twenty-times higher than the increase in ICE car
sales over the last decade. Electrification is slower for trucks because it depends on higher
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density batteries than those currently available on the market, especially for long-haul
trucking, and on new high-power charging infrastructure: electric trucks nevertheless
account for around 25% of total heavy truck sales globally by 2030 and around two-thirds in
2050. The electrification of shipping and aviation is much more limited and only gets under
way after large improvements in battery energy density {see section 3.6) (Figure 2.17). In the
NZE, demand for batteries for transport reaches around 14 TWhin 2050, 90-times more than
in 2020, Growth in battery demand translates into an increasing demand for critical minerals.
For example, demand for lithium for use in batteries grows 30-fold to 2030 and is more than
100-times higher in 2050 than in 2020 (IEA, 2021).

Figure 2.16 = Global electricity demand and share of electricity in
energy consumptlion in selected applications in the NIE

Merchant  Heawy Light  Heatingin Cooking Light-duty Heawy-
hydrogen  industry  industry  buildings vehicles triscks

Electricity demand: = 2020 w2030 = 2050
Electricity share in consumption (right axis}: » 2020 2030 = 2050
4. AN righits reserved
Globdl elechicity demaond more than doubles in the period to 2050,
with the largest rises fo produce hydrogen and in industry

Notes: Merchant hydrogen = hydrogen produced by one company to sell to others. Light-duty vehides =
passenger cars and vans, Heavy trucks = medivm Jreight trucks and heavy-freight tracks.

In buildings, electricity demand is moderated in the NZE by a huge push to improve the
efficiency of appliances, cooling, lighting and building envelopes. But a large increase in
activity, along with the widespread electrification of heating through the use of heat pumps,
means that electricity demand in buildings still rises steadily over the period reaching 66% of
total energy consumption in buildings in 2050,

Alongside the growth in the direct use of electricity in end-use sectors, there is also a huge
increase in the use of electricity for hydrogen production. Merchant hydrogen produced
using electrolysis requires around 12 000 TWh in 2050 in the NZE, which is greater than
current total annual electricity demand of China and the United States combined.

Chapter 2 | A global pathway o net-zero CO, emissions in 2050 1



Filgure 2.17 = Battery demand growth in fransport and battery energy density
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Notes: Li-§ = lithium-sul ghur battery; Wh per kg = Watt hours per kilogramme.

The acceleration of electricity demand growth from 2% per year over the past decade to 3%
peryear through to 2050, together with a significantly increased share of variable renewable
electricity generation, means that annual electricity sector investment in the NZE is three-
times higher on average than in recent years. The rise in electricity demand also calls for
extensive efforts to ensure the stability and flexibility of electricity supply through
demand-side management, the operation of flexible low-emissions sources of generation
including hydropower and bioenergy, and battery storage.

Table 2.5 = Key global milestones for electrification in the NIE

Sector 2020 2030 2050
Share of electricity in total final cansumption 20% 26% 440%
Industry
Share of steel production using electric arc furnace 24% 3Tw 53m
Electricity share of light industry 43 53 TEM
Transport
Share of electric vehicles in stock: cars 1% 20% BE%

twofthree-wheelers 26% 54% 100%
bus 2% 3% Tak
vans 0% 22% Ba%
heawvy trucks 0% 2% EL S
Anaual battery demand for electric vehleles (TWh) 16 66 14

Buildings
Heat pumps installed {millions) 180 600 1 800
Share of heat pumps In energy demand for heating T% 205 55%
Million people without access to electricity TE6 0 1]
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2.5.4 Renewables

At a global level, renewable energy technologies are the key to reducing emissions from
electricity supply. Hydropower has been a leading low-emission source for many decades,
but it is mainly the expansion of wind and solar that triples renewables generation by 2030
and increases it more than eightfold by 2050 in the NZE, The share of renewables in total
electricity generation globally increases from 29% in 2020 to over 60% in 2030 and to nearly
90% in 2050 (Figure 2.18). To achieve this, annual capacity additions of wind and solar
between 2020 and 2050 are five-times higher than the average over the last three years,
Dispatchable renewables are critical to maintain electricity security, together with other
low-carbon generation, energy storage and robust electricity networks. In the NZE, the main
dispatchable renewables globally in 2050 are hydropower (12% of generation),
bioenergy (5%), concentrating solar power (2%} and geothermal [1%).

Figure 2.1B = Fuel shares in total energy use in selected applications in the NZE
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Maotes: Indirect renewables = use of electricity and district heat produced by renewables. Other low-carbon
= nuclear power, facilities equipped with CCUS, and low-carbon hydrogen and hydrogen-based fuels.
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Renewables also play an important role in reducing emissions in buildings, industry and
transport. Renewables can be used either indirectly, via the consumption of electricity or
district heating that was produced by renewables, or directly, mainly to produce heat.

In transport, renewables play an important indirect role in reducing emissions by generating
the electricity to power electric vehicles. They also contribute to direct emissions reductions
through the use of liquid biofuels and biomethane.

In buildings, renewable energy is mainly used for water and space heating. The direct use of
renewahble energy rises from about 10% of heating demand globally in 2020 to 40% in 2050,
about three-gquarters of the increase is in the form of solar thermal and geothermal. Daep
retrofits and energy-related building codes are paired with renewables whenever possible:
almost all buildings with available roof space and sufficient solar insolation are equipped with
solar thermal water heaters by 2050, as they are more productive per square metre than
solar PV and as heat storage in water tanks is generally more cost-effective than storage of
electricity. Rooftop solar PV, which produces renewable electricity onsite, is currently
installed on around 25 million rooftops worldwide; the number increases to 100 million
rooftops by 2030 and 240 million by 2050, A further 15% of heating in buildings in 2030
comes indirectly from renewables in the form of electricity, and this rises to almost 40% in
2050,

In industry, bioenergy is the most important direct renewable energy source for low- and
medium-temperature needs in the NZE. Solar thermal and geothermal also produce low
temperature heat for use in non-energy-intensive industries and ancillary or downstream
processes in heavy industries. Bioenergy, solar thermal and geothermal together provide
about 15% of industry heat demand in 2030, roughly double their share in 2010, and this
increases to 40% in 2050, The indirect use of renewable energy via electricity adds 15% to
the contribution that renewables make to total industry energy use in 2050,

Table 2.6 = Key deployment milestones for renewables

Sector 2020 2030 2050

Elctricity secior

Renewalsles share in generation 25% 61% BE®

Annual capacty additions {GW): Total solar PY 134 B30 630
Total wind 114 390 350
= of which; Offshore wind 5 80 0
Dispatchable renewables 31 120 S0

End-used sectors

Renewable share in TRC 3% 12% 19%

Housennlds with reoftop solar PV {million) 25 100 240

Share of solar thermal and geothermal in buildings % 5% 12%

Share of selar thermal and geothermal in industry final consumption % 1% 2%

MNote: TFC = total final consumption.

74 International Energy Agency | Special Repor



2.5.5 Hydrogen and hydrogen-based fuels

The initial focus for hydrogen use in the NZE is the conversion of existing uses of fossil energy
to low-carbon hydrogen in ways that do net immediately require new transmission and
distribution infrastructure. This includes hydrogen use in industry and in refineries and power
plants, and the blending of hydrogen into natural gas for distribution to end-users.

Global hydrogen use expands from less than 90 Mt in 2020 to more than 200 Mt in 2030; the
proportion of low-carbon hydrogen rises from 10% in 2020 to 70% in 2030 (Figure 2.19).
Around half of low-carbon hydrogen produced globally in 2030 comes from electrolysis and
the remainder from coal and natural gas with CCUS, although this ratic varies substantially
between regions. Hydrogen is also blended with natural gas in gas networks: the global
average blend in 2030 includes 15% of hydrogen in velumetric terms, reducing CO; emissions
from gas consumption by around 6%.

Flgure 2.1%2 = Global hydregen and hydregen-based fuel use in the NZE
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These developments facilitate a rapid scaling up of electrolyser manufacturing capacity and
the parallel development of new hydrogen transport infrastructure. This leads to rapid cost
reductions for electrolysers and for hydrogen storage, notably in salt caverns. Stored
hydrogen is wsed to help balance both seasonal fluctuations in electricity demand and
imbalances that may arise between the demand for hydrogen and its supply by off-grid
renewable systems. During the 2020s, there is also a large increase in the installation of
end-use equipment for hydrogen, including more than 15 million hydrogen fuel cell vehicles
on the road by 2030,
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After 2030, low-carbon hydrogen use expands rapidly in all sectors in the NZE. In the
electricity sector, hydrogen and hydrogen-based fuels provide an important low-carbon
source of electricity system flexibility, mainly through retrofitting existing gas-fired capacity
tao co-fire with hydrogen, together with some retrofitting of coal-fired power plants to co-fire
with ammaonia. Although these fuels provide enly around 2% of overall electricity generation
in 2050, this translates into very large volumes of hydrogen and makes the electricity sector
an important driver of hydrogen demand. In transport, hydrogen provides around one-third
of fuel use in trucks in 2050 in the NZE: this is contingent on policy makers taking decisions
that enable the development of the necessary infrastructure by 2030. By 2050,
hydrogen-based fuels also provide more than 80% of total fuel consumption In shipping.

Of the 530 Mt of hydrogen produced in 2050, around 25% is produced within industrial
facilities [including refineries), and the remainder is merchant hydrogen (hydrogen produced
by one company to sell to others). Almost 30% of the low-carbon hydrogen used in 2050
takes the form of hydrogen-based fuels, which include ammonia and synthetic liquids and
gases. An increasing share of hydrogen production comes from electralysers, which account
for 60% of total production in 2050, Electrolysers are powered by grid electricity, dedicated
renewables in regions with excellent renewable resources and other low-carbon sources
such as nuclear power. Rolling out electrolysers at the pace required in the NZE is a key
challenge given the lack of manufacturing capacity today, as is ensuring the availability of
sufficient electricity generation capacity. Global trade in hydrogen develops over time in the
NZE, with large volumes exported from gas and renewables-rich areas in the Middle East,
Central and South America and Australia to demand centres in Asia and Europe.

Table 2.7 = Key deployment milestones for hydrogen and hydrogen-based fuels

Sector 2020 2030 2050
Total production hydrogen-based fuels (Mt) ar 212 528
Lowe-car bon hydrogen production ) 150 5an

share of fessit-bosed with COUS 5% A6% 388
share of electrolysis-baosed 5% 4% 62K
Merchant production 15 127 414
Cnsite production 73 85 114
Total consumption hydrogen-based fuels (Mt) ar 212 528
Electricity [i] 52 102
of which hydropes 1] 43 B8
al which ammonis i 8 13
Refineries 35 25 B
Buildings and agricufture i} 17 23
Transport 1] 5 207
of which hydrogen [i} 11 104
of which ammonia 0 5 56
af which synthetic fuse|s 1] 8 44
Invd ustry 51 93 187

Note: Hydrogen-based fuels are regorted in million teanes of hydrogen required to produce them,
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2.5.6 Bioenergy

Global primary demand for bicenergy was almost 65 E) in 2020, of which about 90% was
salid biomass. Some 40% of the solid biomass was used in traditional cooking methods which
is unsustainable, inefficient and polluting, and was linked to 2.5 million premature deaths in
2020. The use of solid biomass in this manner falls to zero by 2030 in the NZE, to achieve the
UN Sustainable Development Goal 7. Increases in all forms of modern bioenergy more than
offset this, with production rising from less than 40El in 2020 to around 100 EJ in 2050
(Figure 2.20)."* All bioenergy in 2050 comes from sustainable sources and the figures in the
MEZE for total bioenergy use are well below estimates of global sustainable bioenergy
potential, thus avoiding the risk of negative impacts on biodiversity, fresh water systems, and
food prices and availability (see section 2.7.2).

Figure 2.20 = Total bicenergy supply in the NZE
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Modern solid bioenergy use rises by about 3% each year on average to 2050, In the electricity
sector, where demand reaches 35 El in 2050, solid bioenergy provides flexible low-emissions
generation to complement generation from solar PV and wind, and it removes €O from the
atmosphere when equipped with CCUS. In 2050, electricity generation using bioenergy fuels
reaches 3 300 TWh, or 5% of total generation. Bioenergy also provides around 50% of district
heat production. In industry, where demand reaches 20 El in 2050, solid bioenergy provides
high temperature heat and can be co-fired with coal to reduce the emissions intensity of

* Modern bloenergy includes biogases, liguid ofuels and modern sofid biomass harvested from sustainable
sources, It excludes the traditiona’ use of biomass.
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existing generation assets, Demand is highest for paper and cement production: in 2050,
bioenergy meets 60% of energy demand in the paper sector and 30% of energy demand for
cement production. Modern solid bioenergy demand in buildings increases to nearly 10 Ef in
2030, most of it for use in improved cookstoves as unsustainable traditional uses of biomass
disappear. Bioenergy is alse increasingly used for space and water heating in advanced
economies.

Household and village biogas digesters in rural areas provide a source of renewable energy
and clean cooking for nearly 500 million househalds by 2030 in the NZE and total biogas use
rises to 5.5 E) in 2050 (from under 2 EJ in 2020).** Biomethane demand grows to 8.5 EJ,
thanks to blending mandates for gas networks, with average blending rates increasing to
above 80% in many regions by 2050, Half of total biomethane use is in the industry sector,
where biomethane replaces natural gas as a source of process heat. The buildings and
transport sectors each account for around a further 20% of biomethane consumption in
2050,

One of the key advantages of bioenergy is that it can use existing infrastructure. For example,
biomethane can use existing natural gas pipelines and end-user equipment, while many
drop-in liquid biofuels can use existing oil distribution networks and be used in vehicles with
only minor or limited alterations. BiolPG — LPG derived from renewable feedstocks — is
identical to conventional LPG and so can be blended and distributed in the same way.
Sustainable bioenergy also provides a valuable source of employment and income for rural
communities, reduces undue burdens on women often tasked with fuel collection, brings
health benefits from reduced air pollution and proper waste management, and reduces
methane emissions from inefficient combustion and the decompasition of waste.

Liguid biofuel consumption rises from 1.6 mboe/d in 2020 to & mboe/d in 2030 in the NZE,
mainly used in road transport. After 2030, liquid biofuels grow more slowly to around
7 mboe/d in 2050 and their use shifts to shipping and aviation as electricity increasingly
dominates road transport, Almost half of liquid biofuel use in 2050 is for aviation, where bio-
kerosene accounts for around 45% of total fuel use in aircraft,

Bioenergy with carbon capture and storage (BECCS) plays a critical role in the MZE in
offsetting emissions from sectors where the full elimination of emissions is very difficult to
achieve. In 2050, around 10% of total bioenergy is used in facilities equipped with CCUS and
around 1.3 Gt CO; is captured using BECCS, Around 45% of this CO; is captured in biofuels
production, 40% in the electricity sector and the rest in heavy industry, notably cement
production.

% Biogas is a mixture of methane, CO; and small quantities of other gases produced by anaerobic digestion of
arganic matter in an oxypen free environment, Biomethaae 1s a near pure source of methane prodoeced either
by removing COz and other contaminants from biogas or through the gas fication of solid biomass {IEA, 2020b).
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Table 2.8 = Key deployment milestones for bioenergy

2020 2030 2050

Total energy supply (LI} 63 72 102
Share of advanced biomass feedstock 7% B5% 7%
Modern gaseous bioenergy (£} 21 5.4 13.7
Biomethane .3 2.3 83
Modern liguid bioenergy (mboe/d) 16 6.0 1.0
Advanced biofuels ol 2.7 6.2
Modemn solid bioenergy [CI} a2 54 74
Traditional use of solid biomass (L)) 5 o 0
Million people using traditional biomass for cooxing 2340 0 0

Notes: mboefd = milion barrels of oll equivalent per day. Bioenergy from forest plantings s considered
advanced when forests are sustainably managed {see section 2.7.2),

2.5.7 Carbon capture, utilisation and storage

CCus can facilitate the transition to net-zere CO; emissions by: tackling emissions from
existing assets; providing a way to address emissions from some of the most challenging
sectors; providing a cost-effective pathway to scale up low-carbon hydrogen production
rapidly; and allowing for CO; removal from the atmosphere through BECCS and DACCS.

In the NZE, policies support a range of measures to establish markets for CCUS investment
and to encourage use of shared CO; transport and storage infrastructure by those invalved
in the production of hydrogen and biofuels, the operation of industrial hubs, and retrofitting
of existing coal-fired power plants. Capture volumes in the NZE increase marginally over the
next five years from the current level of around 40 Mt CO; per year, reflecting projects
currently under development, but there is a rapid expansion over the following 25 years as
policy action bears fruit. By 2030, 1.6 Gt CO; per year is captured globally, rising to 7.6 Gt CO;
in 2050 (Figure 2.21). Around 95% of total CO; captured in 2050 is stored in permanent
peclogical storage and 5% is used to provide synthetic fuels, Estimates of global geological
storage capacity are considerably above what is necessary to store the cumulative CO;
captured and storad in the NZE. A total of 2.4 Gt CO; is captured in 2050 from the atmosphere
through bioenergy with CO: capture and direct air capture, of which 1.9GtCO; is
permanently stored and 0.5 Gt CO; is used to provide synthetic fuels in particular for aviation.

Energy-related and process €Oy emissions in industry account for almost 40% of the COy
captured in 2050 in the NZE, CCUS is particularly important for cement manufacturing,
Although efforts are pursued in the NZE to produce cement maore efficiently, CCUS remains
central to efforts to limit the process emissions that occur during cement manufacturing. The
electricity sector accounts for almost 20% of the CO: captured in 2050 (of which around 45%
is from coal-fired plants, 40% from bioenergy plants and 15% from gas-fired plants].
CCUS-equipped power plants contribute just 3% of total electricity generation in 2050 but
the volumes of CO; captured are comparatively large. In emerging market and developing
economies, where large numbers of coal power plants have been built relatively recently,
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ratrofits play an important role where there are storage opportunities. In advanced
economies, gas-fired plants with CCUS play a bigger role, providing dispatchable electricity
at relatively low cost in regions with cheap natural gas and existing networks. In 2030, around
50 GW of coal-fired power plants (4% of the total at that time} and 30 GW of natural gas
power plants (1% of the total) are equipped with CCUS, and this rises to 220 GW of coal
{almost half of the total) and 170 GW of natural gas (7% of the total) capacity in 2050. A
further 30% of CO; captured in 2050 comes from fuel transformation, including hydrogen
and biafuels production as well as oil refining. The remaining 10% is from DAC, which s
rapidly scaled up from several of pilot projects today to 90 Mt CO; per year in 2030 and just
under 1 Gt CO; per year by 2050,

Figure 2.21 = Global CO: capture by source in the NIE
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Table 2.9 = Key global milestones for CCUS

2020 2030 2050

Total CO; captured (Mt C0p) ah 1670 7 600
COxcaptured From fossii Tuels and procewses 39 1325 5245
Power 3 240 860
Industry 3 3e0 2620
Merchant hydrogen production 3 455 1355
Non-biofeels production an 170 410
OOy captured fram bloenergy 1 255 1 380
Powier o &0 570
Industry 1 15 180
Biofuels production 1 150 625
E:."'-1||' @apture L 20 '1:'|-'
Removal a Ta 630

80 International Energy Agency | Special Report



2.6 Investment

The radical transformation of the global energy system required to achieve net-zero CO;
emissions in 2050 hinges on a big expansion in investment and a big shift in what capital is
spent on. The MZE expands annual investment in energy from just over USD 2 trillion glabally
on average over the last five years to almost USD 5 trillion by 2030 and to USD 4.5 trillion by
2050 (Figure 2.22)." Total annual capital investment in energy in the NZE rises from around
2.5% of global GDP in recent years to about 4.5% in 2030 before falling back to 2.5% by 2050,

Figure 2.22 = Annual average capital investment in the NIE
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electricity generation, storage and distribution, and public EV charging. Electrification Investrments Include
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production roubes,

The shift in what capital is spent on leads to annual investment in electricity generation rising
from just over USD 500 billion over the last five years to more than USD 1 600 billion in 2030,
before falling back as the cost of renewable energy technologies continues to decline. Annual
nuclear investment rises too: it more than doubles by 2050 compared with currant levels.
Annual investment in fuel supply however drops from about USD 575 billion on average over

¥ Investment levels presented in this repont include a broader accounting of efficiency improvements in
bulldings than regorted in the IEA World Energy Investment {IEA, 2020¢) and so differ Trom the numbers
pesented there.
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the last half-decade to USD 315 billion in 2030 and USD 110 billion in 2050. The share of fossil
fuel supply in total energy sector investment drops from its 25% level in recent years to just
7% by 2050: this is partly offset by the rise in spending on low-emissions fuel supply, such as
hydrogen, hydrogen-based fuels and bioenergy. Annual investment in these fuels increases
to nearly USD 140 billion in 2050. Investment in transport increases significantly in the NZE
from USD 150 per year in recent years to more than USD 1 100 billion in 2050: this stems
mainly from the upfront cost of electric cars compared with conventional vehicles despite
the decline in the cost of batteries.

By technology area, electrification is the dominant focus in the NZE. In addition to more
investment in electricity generation, there is a huge increase in investment in expansion and
modernisation of electricity networks. Annual investment rises from USD 260 billion on
average in recent years to around USD 800 billion in 2030 and remains about that level to
2050. Such investment is needed to ensure electricity security in the face of rising electricity
demand and the proportion of variable generation in the power mix. There is also a large
increase in investment in the electrification of end-use sectors, which includes spending on
EV batteries, heat pumps and electricity-based industrial equipment. In addition to
investment in electrification, there is a moderate increase in investment in hydrogen to 2030
as production facilities are scaled up, and larger increases after as hydrogen use in transport
expands: annual investment in hydrogen, including production facilities, refuelling stations
and end-user equipment, reaches USD 165 billion in 2030 and over USD 470 billion in 2050.
There is also an increase in global investment in CCUS (annual investment exceeds
US0 160 billion by 2050 and in efficiency (around USD 640 billion annual investment by 2050,
mastly for deep building retrofits and efficient appliances in the industry and buildings
sectars).

Financing the investment needed in the NZE involves redirecting existing capital towards
clean energy technologies and substantially increasing the overall level of investment in
energy. Most of this increase in investment comes from private sources, mobilised by public
policies that create incentives, set appropriate regulatory frameworks and reform energy
taxes. However, direct government financing is alse needed to boost the development of
new infrastructure projects and to accelerate innovation in technologies that are in the
demaonstration or prototype phase today. Projects in many emerging market and developing
economies are often relatively reliant on public financing, and policies that ensure a
predictable flow of bankable projects have an important role in boosting private investment
in these economies, as does the scaling up of concessional debt financing and the use of
development finance. There are extensive cross-country co-operation efforts in the NZE to
facifitate the international flow of capital,

The large increase in capital investment in the NZE is partly compensated for by lower
operating expenditure. Operating costs account today for a large share of the total cost of
upstream fuel supply projects and fossil fuel generation projects: the clean technologies that
play an increasing role in the NZE are characterised by much lower operating costs.
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2.7 Key uncertainties

The road to net-zero emissions is uncertain for many reasons: we cannot be sure how
underlying econamic conditions will change, which policies will be mast effective, how
people and businesses will respond to market and policy signals, or how technologies and
their costs will evolve from within or outside the energy sector. The NZE therefore is just ane
possible pathway to achieve net-zero emissions by 2050. Against this background, this
section looks at what the implications would be if the assumptions in the NZE turn out to be
off the mark with respect to behavioural change, bioenergy and CCUS for fossil fuels. These
three areas were selected because the assumptions made about them involve a high degree
of uncertainty and because of their critical contributions to achieve net-zero emissions by
2050,

Figure 2.23 = Additional electricity demand in 2050 and additional investment
betweean 2021-2050 for selected areas of uncerainty
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Qur analysis clearly highlights that more pessimistic assumptions would add considerably to
bath the casts and difficulty of achieving net-zero emissions by 2050 [Figure 2.23).

B Behavioural changes are important in reducing energy demand in transport, buildings
and industry. If the changes in behaviour assumed in the NZE were not attainable,
emissions would be around 2.6 Gt CO; higher in 2050, Avoiding these emissions through
the use of additional low-carbon electricity and hydrogen would cost an additional
SO 4 trillion.
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B  Bioenergy use grows by 60% between 2020 and 2050 in the NZE and land use for its
propagation increases by around 25%. Bioenergy use in 2050 in the MZE is well below
current best estimates of global sustainable bicenergy potential, but there is a high
degree of uncertainty concerning this level. If land use for bioenergy remains at today's
level, bioenergy use in 2050 would be around 10% lower, and achieving net-zero
emissions in 2050 would require USD 4.5 trillion extra investment.

= Afailure to develop CCUS for fossil fuels would substantially increase the risk of stranded
assets and would require around USD 15 trillion of additional investment in wind, solar
and electrolyser capacity to achieve the same level of emissions reductions. It could also
eritically delay progress on BECCS and DACCS: if these cannot be deployed at scale, then
achieving net-zero emissions by 2050 would be very much harder.

2.7.1 Behavioural change

Impoct of behavioural chonges in selected sectors in the NZE

Changes in the behaviour of energy consumers play an important role in cutting CO;
emissions and encrgy demand growth in the NZE. Behavioural changes reduce global energy
demand by 37 £l in 2050, a 10% reduction in energy demand at that time, and without them
cumulative emissions between 2021 and 2050 would be around 10% higher (Figure 2.24).
Behavioural change plays a particularly important role in the transport sector.

Figure 2.24 = Reduction in total final consumption due to behavioural changes
by fuel in the NIE
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Passenger aviation. Demand would grow more than threefold globally between 2020 and
2050 in the absence of the assumed changes in behaviour in the NZE. About 0% of this
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growth would occur in emerging market and developing economies. In the MNZE, three
changes lead to a 50% reduction in emissions from aviation in 2050, while reducing the
number of flights by only 12% (Figure 2.25).

B Keeping air travel for business purposes at 2019 levels. Although business trips fell to
almost zero in 2020, they accounted for just over one-gquarter of air travel before the
pandemic. This avoids around 110 Mt CO; in 2050 in the NZE.

B Keeping long-haul flights (more than six hours) for leisure purposes at 2019 levels.
Emissions from an average long-haul flight are 35-times greater than from a regional
flight {less than one hour). This affects less than 2% of flights but avoids 70 Mt CO; in
2050.

B Ashift to high-speed rail. The opportunities for shifting regional flights to high-speed rail
vary by region. Globally, we estimate that around 15% of regional flights in 2019 could
have been shifted given existing rail infrastructure; future high-speed rail lines ensure
that by 2050 around 17% could be shifted (IEA, 2019).** This would reduce emissions by
around 45 Mt CO;, in 2050 (high-speed trains generate no emissions in 2050 in the NZE),

Figure 2.25 = Global CO; emissions from avialion and impact of behavioural

changes in the NZE
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Demand for possenger aviation is set to grow significantiy by 2050, but behavioural
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Notes: Loag-haul = more than & hour Night; medium-haul = 1-6 hour Tlight; regional = less than 1 hour. Busimess
flights = trips for work purposes; leisure fiights = trips for leisure purposes. Average speeds vary by flight
distance and range from 650-750 km/h.

% This assumes that: new rail routes avoid water bodies and tannelling through elevated berraing trave! times
are similar to aviation; and centres of demand are sufficiently large to ensure that high-speed rail Is
economically vinhle,
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Car use. A variety of new measures that aim to reduce the use of cars in cities and overall car
ownership levels are assumed in the NZE They lead to rapid growth in the rideshare market
in urban areas, as well as phasing out polluting cars in large cities and replacing them with
cycling, walking and public transport. The timing of these changes in the NZE depends on
cities having the necessary infrastructure and public support to ensure a shift away from
private car use. Between 20-50% of car trips are shifted to buses, depending on the city in
question, with the remainder replaced by cycling, walking and public transport. These
changes reduce emissions from cars in cities by more than 320 Mt CO; in total in the
mid-2030s (Figure 2.26). Their impact on emissions fades over time as cars are increasingly
electrified, but they still have a significant impact on curbing energy use in 2050,

Figure Z.26 = Global COz emissions savings and car ownership per household
due to behavioural change in the NLE
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The gradual move away from cars in cities also has an impact on car ownership levels. Survey
data indicates that car-share schemes and the provision of public transport reduces car
awnarship by up to 35%, with the biggest changes taking place in multiple car households
llochem et al,, 2020; Martin, Shaheen and Lidiker, 2010}, Without behavioural changes, 35%
of households would have a car in 2050; with behavioural changes this share falls to around
20% in the NZE, and two-car households fall from 13% of the total to less than 5%.

The changing patterns of mobility in cities in NZE have implications for materials demand.
Reduced car ownership leads to a small drop in steel demand in 2050, saving around
40 Mt CO; in steel production. Increased cycling would need to be supported by building an
estimated 80000 km of new cycle lanes globally over the period to 2050, generating
increased demand for cement and bitumen. This effect is small, however: the extra emissions
associated with this would be less than 5% of the emissions avoided by lower car use,
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How to bring about the behavioural chonges in NZE

Regulations and mandates could enable roughly 70% of the emissions saved by behavioural
changes in the NZE. Examples include:

| Upper speed limits, which are reduced over time in the NZE from their current levels to
100 kmy/h, cutting emissions from road vehicles by 3% in 2050,

Appliance standards, which maximise energy efficiency in the buildings sector,
Regulations covering heating temperatures In offices and default cooling temperatures
for air conditioning units, which reduce excessive thermal demand.

B Changes initially tackled by market-based mechanisms, e.g. swapping regional flights for
high-speed rail,** which can be addressed by regulation over time to mirror changes in
public sentiment and consumer norms.

Market-based instruments use a mix of financial incentives and disincentives to influence

decision making. They could enable around two-thirds of the emissions saved by behavioural

changes in the NZE. Examples include:

®  Congestion pricing and targeted interventions differentiated by vehicle type,™ such as
charges aimed at the most polluting vehicles, or prefarential parking for clean cars.

®  Transport demand measures that reduce travel, such as fuel taxes and distance-based
vehicle insurance and registration fees (Byars, Wei and Handy, 2017).

®  |nformation measures that help consumers to drive change, such as mandatory labelling
of embodied or lifecycle emissions in manufacturing and a requirement for companies
ta disclose their carbon emissions,

Information and awareness measures could enable around 30% of the emissions saved by
behavioural changes in the NZE. Examples include:

®  Personalised and real-time travel planning information, which facilitates a switch to
walking, cycling and public transport.

®  Product labelling and public awareness campaigns in combination, which help make
recycling widespread and habitual,

B  Comparisons with consumption patterns of similar households, which can reduce
wasteful energy use by up to 20% (Aydin, Brounen and Kok, 2018).

Mot all the behavioural changes in the NZE would be equally easy to achieve everywhere,
and policy interventions would need to draw on insights from behavioural science and take
into account existing behavioural narms and cultural preferences. Some behavioural changes
may be more socially acceptable than others, Citizen assemblies in the United Kingdom and

% 5 law bBanning domestic Tights where a rall afternative of under two-and-a-half hours exists has been
proposed in Franoe (Assemnbles Nationale, 2021).

* Congestion charging is currently used in 11 major cities and has been shown to reduece traffic volumes by up
to 27%. Low-emissions zones charge vehides to enter urban zones based vehidle type and currently exist in
15 countries (TFL, 2021; Tools of Change, 2014; European Commission, 2021).
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France indicate a large level of support for taxes on frequent and long-distance flyers and for
banning palluting vehicles from city centres; conversely, measures that limit car ownership
or reduce speed limits have gained less acceptance (Convention Citoyenne pour le Climat,
2021; Climate Assembly UK, 2020). Behavioural changes which reduce energy use in homes
may be particularly well supported: a recent survey showed 85% support for line-drying
clothes and switching off appliances, and only 20% of people felt that reducing temperature
settings in homes was undesirable (Newgate Research and Cambridge Zero, 2021).

Table 2.10 = Key behavioural changes in the N1E

§ = 5
o & 2 B
Policy options Relatad policy-goals E = -
& E s
g F g
Low-gar dties
® Phase out ICE cars from ® Low-emissions nones, ® Alr podlution
large citles. & Access restrictions, mitigation,
» fidesnhare all urban car trips.  ® Parking restrctions. = Public health,
 Registration cans. sheducedcongestion. @0 @ 0 @
® Parking pricing. & LUrban space,
& Congestion charges. » Beautification and
& [westment In cycling lanes lveabiliny.
and public transpartation,
Fual-gfficient driving
» Reduce motorway speedsto  * Specd [imits, * Road safety,
less than 100 kmhe # Real-time fuel efficiency # Reduced noise e e " @
» Eco-driving. displays, pollution, -
* Raise air congitioning * Awareness campalgns.

tempearature in cars by 3 °C.
Reduce regional flights
» Replace all fiights <1h where  ® High-speed rall investment. = Lower air pollstion.
high-speed rail is a feasinle  ® Subsidies for highespeed rail » Lower noise poiution. @ @ O
alternathie, travel.
® Price premiums.

Reduce Intemational Tlights
® Keep air travel for business  ® Awareness campaigns, # Loweeer air pallution,
aurposes at 2019 levels. * Price premiums. slowernoisepoition. ) @ O @
* Keep ong-naul fiights for # Corporate targets.,
leisure at 2019 levels. » Frequent-flyer levies.
Space heating
# Target average set-paint ® AWATENESS CATIDAIENS. ® Public health, . . . .
termperatures of 19-20 "C. * Consurnption feedback, = Energy affordability.
& Corporate targets,
Space cooling
* Target average set-point * AWATENESS CATPAlERG. ® Public health. . . . .
temperatures of 24-25 *C. & Consurmption feedback, = Energy aftardability.
& Cosparate targers,
® - poormanch [ = neutral match @ - good match

Notes: Large cities = cities over 1 million inhabitants, ICE = internal combustion engine, COx emissions impact
= cumulative reductions 2020-2050, Eco-driving = early upshilting as well as aveiding sudden acoeleration,
stogs o idling. The number of jobs that can be done at home varies considerably by region, globally, an
average of 200% of jobs can be done at home.
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The behavioural changes in the NZE would bring wider benefits in terms of air pellution in
cities, road safety, nolse pollution, congestion and health. Attitudes to policy interventions
can change quickly when co-benefits become apparent. For example, support for congestion
charging in Stockholm jumped from less than 40% when the scheme was introduced to
around 70% three years later; a similar trend was seen in Singapore, London and other cities,
all of which experienced declines in air pollution after the introduction of charging (Tools of
Change, 2014; DEFRA, 2012).

ﬂ

Are net-rera emissions by 2050 still passible without behavioural change ?

If the behavioural changes described in the NZE were not to materialise, final energy use
would be 27 El and emissions 1.7 Gt CO; higher in 2030, and they would be 37 Bl and
2.6 Gt CO; higher in 2050. This would further increase the already unprecedented ramp-up
needed in low-carbon technologies. The share of EVs in the global car fleet would need to
increase from around 20% in 2030 to 45% to ensure the same level of emissions reductions
[Figure 2.27), Achieving the same reduction in emissions in homes would require electric
heat pumps sales to reach &80 million in 2030 (compared with 440 million in the NZE).
Without gains in materials efficiancy, the share of low-carbon primary steel production
would need to be more than twice as high in 2030 as in the NZE. In 2050, the use of
sustainable aviation fuels would also need to rise to 7 mboe/d (compared with 5 mboe/d In
the NZE). Emissions from cement and steel production would be 1.7 Gt CO; higher in 2050
than in the NZE, and so require increased deployment of CCUS in industry, deployment of
electric arc furnaces and more use of low-carbon hydrogen.

Figure 2.27 = 3haore of low-carbon technelogies and fuels with and without
behavioural change in 2030 in the NIE

50% -
40%
30%
2056 ceseanad
[ T —

. s 0

Electric cars Heat pumps in Low-carben steel  Sustainable aviation
residential buildings fuels
mNZE m Additional without behaviour changes = 2020
EA Al rights reserved

In ihe obzence of behavioural changes. the share of low-emizsions lechnologies In end-
uses in 2030 would need fo be much larger fo ochieve the sam e emissions o3 in the NIE

Notes: Electric cars = share of electric cars on the road globally. Sustainable sviation fuels = biopet kerosene
and synthetic jet kerosene. Low-carbon steel refers to grimary stee! production.
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2.7.2 Bioenergy and land-use change

Madern forms of bioenergy play a key role in achieving net-zero emissions in the NZE.
Bioenergy is a versatile renewable energy source that can be used in all sectors, and it can
aoften make use of existing transmission and distribution infrastructure and end-user
equipmeant. But there are constraints on expanding the supply of bioenergy: with finite
potential for bioenergy production from waste streams, there are possible trade-offs
between expanding bioenergy production, achieving sustainable development goals and
avoiding conflicts with other land uses, notably food production.

The level of bioenergy use in the NZE takes account of these constraints: bioenergy demand
in 2050 is around 100 EJ. The global sustainable bicenergy potential in 2050 has been
assessed to be at least 100 E) (Creutzig, 2015) and recent assessments estimate a potential
between 150-170E) when integrating relevant UN Sustainable Development Goals
(Frank, 2021; IPCC, 2019; IPCC, 2014; Wu, 2019). However, there is a high degree of
uncertainty over the precise levels of this potential. Using modelling developed in
co-operation with 11454, here we examine the implications for achieving net-zero CO;
emissions by 2050 if the available levels of sustainable bioenergy were to be lower. We also
examine what would need to be done to achieve large reductions in emissions from
agriculture, forestry and other land use [AFOLU).

Ensuring a sustainable supply of bioenergy

Most liguid biofuels produced today come from dedicated bioenergy crops such as
sugarcane, corn or oil crops, often known as conventional biofuels. The expanded use of
feedstocks and arable land to produce these biofuels can conflict with food production. In
the NZE, there is a shift towards the use of sustainable, certified agricultural products and
wood. Biofuel production processes in the NZE use advanced conversion technologies
coupled with CCUS where possible (see section 3.3.2). The emphasis is also on advanced
bisenergy feedstocks, including waste streams from other processes, shart-rotation woody
crops and feedstocks that do not reguire the use of arable land. Advanced bioenergy
accounts for the vast majority of bicenergy supply in the NZE by 2050, The use of
conventional energy crops for biofuel production grows from around 9 EJ in 2020 to around
11 E] in 2030, but then falls by 70% to 3 EJ in 2050 (including feedstocks consumed in the
biofuel production processes).

Advanced bioenergy feedstocks that do not require land include organic waste streams from
agriculture and industry, and woody residues from forest harvesting and wood processing.
Investment in comprehensive waste collection and sorting in the NZE unlocks around 45 E)
of bioenergy supply from various organic waste streams which is primarily used to produce
biogases and advanced biofuels (Figure 2.28). Woody residues from wood processing and
forest harvesting provide a further 20 El of bioenergy in 2050 in the NZE - less than half of
current best estimates of the total sustainable potential. Bioenergy can also be produced
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from dedicated short-rotation woody crops (25 E of bioenergy supply in 2050).% Sustainably
managed forestry fuelwood or plantations™ and tree plantings integrated with agricultural
production via agroforestry systems that do not conflict with food production or biodiversity
provide just over 10 £J of bioenargy in 2050,

Figure 2.28 = Global blognergy supply by source in the NZE

M Forestry plantings

W Short-rotation weody crops
B Forest and wood residues
= Crganic waste streams

" m Traditional use of biomass

® Conventional bioenergy crops

2010 2020 2030 2040 2050

Ea_ Al rghs ressrved

Bioenergy vse Increases by around &0% belween 2020 and 2050,
while shifting away from convenlional feedstocks and the froditiond use of biomass

Note: Grganic waste streams include agricultural residues, food processing, industrial and municizal erganic
waste streams; Bhey do not require land area.

Source: [EA analysis based on IASA data,

The total land area dedicated to bioenergy production in the NZE increases from 330 million
hectares (Mha) in 2020 to 410 Mha in 2050. In 2050, around 270 Mha is forest, representing
around one-guarter of the total arca of global managed forests, and around 5% of total forest
area, There is 130 Mhba of land used for short-rotation advanced bioenergy crops in 2050 and
10 Mha for conventional bioenergy crops. There is no overall increase in cropland use for
bioenergy production in the NZE from today’s level and no bioenergy crops are developed
on forested land in the NZE.™ As well as allowing a much greater level of bioenergy crop
production on marginal lands, waody energy crops can produce twice as much bioenergy per
hectare as conventional bisenergy crops.

“ Wioody short-rotation coppice crops grown on crog land, pasture land or marginal lands not suited to food
CrOpE.

* sustainable forestry management ensures that the carbon stock and carbon absorption capability of the
forest is expanded or remains unchanged.

* of the 140 Mha land used for bioenergy crops in 2050, 70 Mha are marginal lands o« land currently used for
livestock grazing and 70 Mha are cropland. There is a60 Mha increase in cropland use for woody crops to 2050
in the NZE but this is offset by a reduction in cropland use for producing conventional biofuel feedstocks.
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Total land use for bicenargy in the NZE is well below estimated ranges of potential land
availability that take full account of sustainability constraints, including the need to protect
biodiversity hotspots and to meet the UN Sustainable Development Goal 15 on biodiversity
and land use. The certification of bioenergy products and strict contraol of what land can be
convertad to expand forestry plantations and woody energy crops nevertheless is critical to
avoid land-use conflict issues. Certification is also critical to ensure the integrity of CO; offsets
[see Chapter 1), the use of which should be carefully managed and restricted to sectors that
lack alternative mitigation options. A related land-use issue is how to tackle emissions that
arise from outside the energy sector [Box 2.3).

Box 2.3 = Balancing emissions from land use, agriculture and forestry

Talimit the global temperature rise, all sources of GHG emissions need to decline to close
to zero or to be offset with COR. The energy sector accounted for around three guarters
of total GHG emissions in recent years. The largest source of GHG emissions other than
the energy sector is agriculture, forestry and other land use (AFOLY), which produced
between 10-12 Gt CO;-eq net GHG emissions in recent years.™ CO; emissions from
AFOLU were around 5-6 Gt CO;, and nitrous oxide and methane emissions were around
5.6 Gt COy-eq (IFCC, 2019).

Options to reduce emissions from AFOLU and enhance removals include: halting
deforestation; improving forest management practices; instituting farming practices that
increase soil carbon levels; and afforestation. A number of companies have recently
expressed interest in these sorts of nature-based solutions to offset emissions from their
operations (see Chapter 1). For afforestation, converting around 170 Mha {roughly half
the size of India) to forests would seguester around 1 Gt CO; annually by 2050,

Achieving net-zero energy-related and industrial process CO; emissions by 2050 in the
NEE does not rely on any offsets from outside the energy sector. But commensurate
action on AFOLY would help limit climate change. The energy-sector transformation in
the NZE would reduce CO; emissions from AFLOUW in 2050 by around 150 Mt €05 given
the switch away from conventional crops and the increase in short rotation advanced-
bioenergy crop production on marginal lands and pasture land. To reduce emissions from
AFOLU further would require reducing deforestation by two-thirds by 2050, instituting
improved forest management practices and planting around 250 Mha of new forests, The
cambined impact of these changes would reduce CO; emissions from AFOLU to zero by
2040 and absorb 1.3 Gt CO; annually by 2050. In this case, cumulative AFOLU CO;
emissions between 2020 and 2050 would be around 40 Gt CO;.

Nen-CO; emissions from livestock, as well as other agricultural emissions, may be more
difficult to mitigate given the link between livestock production and nitrous oxide and
methane emissions. Changes to farming practices and technology improvements,

* AFOLU emissions are emissicns from anthropogenic activities and do net include CO; emissions removal
from the atmosphere by nataral land sinks.
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including changes to animal feed, could help to reduce these emissions, but it may be
necessary to use afforestation to offset these emissions entirely. An alternative could be
to reduce these emissions by reducing the demand for livestock products. For example,
we estimate that reducing meat consumption in households with the highest levels of
per capita consumption today to the global average level would reduce GHG emissions
by more than 1 Gt COz-eq in 2050, Lower demand for livestock products would reduce
the pasture needed globally for livestock by close to 200 Mha and the cropland that is
used to grow feed for livestock by a further 80 Mha.

Are net-zero emissions by 2050 possible without expanding land use for bioenergy?

Estimates of the global sustainable bicenergy potential are subject to a high degree of
uncertainty, in particular over the extent to which new land area could sustainably be
converted to bioenergy production. As a result, the NZE takes a cautious approach to
bioenergy use, with consumption in 2050 (100 El) well below the latest estimates that
integrate refevant SDGs, which suggest a potential between 150-170 El. But itis possible that
the land available to provide sustainable bioenergy is even more limited. Here we explore
the implications for emissions of restricting land use for dedicated bioencrgy crops and
forestry plantations to around 330 Mha, which is what is used today.

Figure Z2.29 > Impact on electricity demand and ability to achieve net-zero
emissions by 2050 without expanded bloenergy land use

Bioenergy use Electricity demand Solar PV and wind
b ) | PR — B0 - o R S S S SRS
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20
B NZE B Without expanding bioenergy land use

Fa Al rhghits pessrved

Achieving net-zero emissions without expanding bioenergy land use wouid require o
further 3 200 TWh from solar PV ond wind, increasing copacity in the NIE by nearly 10%

Limiting land use to 330 Mha would reduce available bicenergy supply in 2050 by more than
10 El. This would mostly take the form of a reduction in the availability of short-rotation
woody energy crops, which are mainly used in the NZE in place of fossil fuels to provide high
temperature heat for industrial processes and for electricity generation, Without bioenergy,
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itis likely that hydrogen and synthetic methane would be usaed instead, and their production
would require around 70 Mt of hydrogen In 2050 [15% more than in the NZE). If this were to
be produced through the use of electrolysis it would require around 750 GW of electrolyser
capacity and increase electricity demand in 2050 by around 3 200 TWh (Figure 2.29).

The additional electricity that would be needed could be produced using renewables, which
would require an additional 1 700 GW of wind and solar PV capacity and almaost 350 GW of
additional battery capacity in 2050. Annual capacity additions during the 2030s would need
to be 160 GW higher than in the NZE. The additional wind, solar, battery and electrolyser
capacity, together with the electricity networks and storage needed to support this higher
level of deployment would cost more than USD 5 trillion by 2050. This is USD 4.5 trillion more
than would be needed if the use of bioenergy were to be expanded as envisaged in the NZE,
and would increase the total investment needed in the NZE by 3%. While it might therefore
be possible still to achieve net-zero emissions in 2050 without expanding land use for
bisenergy, this would make the energy transition significantly more expensive.

2.7.3 CCUS applied to emissions from fossil fuels

A total of 7.6 Gt CO; is captured in 2050 in the NZE, almost 50% of which is from fossil fuel
ecambustion, 20% is from industrial processes, and around 30% is from bioenergy use with
C0; capture and DAC (Figure 2.30). The use of CCUS with fossil fuels provides almast 70% of
the total growth in CCUS to 2030 in the MZE. Yet the prospects for the rapid scaling up of
CCUS are very uncertain for economic, political and technical reasons. Here we look at the
implications for reaching net-zero emissions in 2050 if fossil fuel CCUS does not expand
beyond existing and planned projects.

Figure 2.30 = CCUS by sector and emissions source in the NZE
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Are net-zero emissions by 2050 possible without fossil fuel-based CCLIS?

Fossil fuel-based CCUS applications comprise most of the CCUS projects added to 2030 in the
NZE. These projects help to reduce risks for other non-fossil fuel CCUS applications that are
essential to reach net zero, Inview of the challenges that fossil fuel-based CCUS projects face,
we have constructed a Low CCUS Case (LCC) in which no new fossil fuel CCUS projects are
developed beyond those already under construction or approved for development. In the
LCC, CO; emissions captured from fossil fuels are only around 150 Mt in 2050, compared with
3 600 Mt in 2050 in the NZE.

In industry, the lack of new fossil fuel CCUS projects leads in the LCC to 1.2 Gt of additional
CO; emissions compared with the NZE in 2050. It would be necessary to use alternative
technologies to eliminate these amissions in order to achieve net zero by 2050, A number of
technologies that are at the prototype stage of development would be needed, such as
electric cement kilns or electric steam crackers for high-value chemicals production [see
Box 2.4). Assuming that these technologies could be demonstrated and deployed at scale,
this would increase electricity demand by around 2 400 Twh and hydrogen demand in
industry by around 45 Mt in 2050, It would also be necessary to replace the 145 Mt of
hydrogen that is produced in the NZE from fossil fuels equipped with CCUS. Provision of this
190 Mt of hydrogen through electrolysis would require an additional 2 000 GW capacity of
electrolysers in 2050 [almost 60% more than in the NZE) and an additional @ 000 TWh of
electricity (Figure 2.31).

Figure 2.31 = Impacts of achieving net-zero emissions by 2050 without
expanded fossil fuel-based CCUS
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Bex 2.4= Technelegy innevation in the NIE

Innovation is key to developing new clean energy technologies and advancing existing
ones. The importance of innovation increases as we get closer to 2050 because existing
technologies will not be able to get us all the way along the path to net-zero emissions.
Almost 50% of the emissions reductions needed in 2050 in the NZE depend on
technologies that are at the prototype or demonstration stage, i.e. are not yet available
on the market (see Chapter 4).

After a new idea makes its way from the drawing board to the laboratory and out into
the world, there are four key stages in the clean energy innovation pipeline (IEA, 2020d).
But the pathway to maturity can be long and success s not guaranteed.

B Prototype. A concept is developed into a design and then into a prototype for a new
device, e.g. a furnace that produces steel with pure hydrogen instead of coal.

®  Demonstration. The first examples of a new technology are introduced at the size
of a full-scale commercial unit, e.g. a system that captures CO; emissions from
cement plants.

8 Market uptake. The technology is being deployed in a number of markets. However,
it either has a cost and performance gap with established technologies [e.g.
electrolysers for hydrogen production) or it is competitive but there are still barriers,
such as integration with existing infrastructure or consumer preferences, to reaching
its full market potential (e.g. heat pumps). Policy attention is needed in both cases
to stimulate wider diffusion to reduce costs and to overcome existing barriers, with
more of the costs and risks being borne gradually by the private sector.

B Maturity. The technology has reached market stability, and new purchases or
installations are constant or even declining in some environments as newer
technologies start to compete with the stock of existing assets, e.g. hydropower
turbines.

Innovation is critical in the NZE to bring new technologies to market and to improve
emerging technologies, including for electrification, CCUS, hydrogen and sustainable
bioenergy. The degree of reliance on innovation in the NZE varies across sectors and
along the various steps of the value chains involved (Figure 2.32).

®  Electrification. Almost 30% of the 170 Gt CO; cumulative emissions reductions from
the use of low-emissions electricity in the NZE comes from technologies that are
eurrently at prototype or demonstration stage, such as electricity-based primary
steel production or electric trucks.

8 Hydrogen. Not all steps of the low-carbon hydrogen value chain are available on the
market today. The majority of demand technologies, such as hydrogen-based steel
production, are only at the demonstration or prototype stage. These deliver more
than 75% of the cumulative emissions reductions in the NZE related to hydrogen.
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B CCUS. Around 55% of the cumulative emissions reductions that come from CCUS in

the MZE are from technologies that are at the demonstration or prototype stage

today. While COy capture has been in use for decades in certain industrial and fuel

transformation processes, such as ammonia production and natural gas processing,

it is still being demonstrated at a large scale in many of the other possible

applications.
®  Biocenergy. Around 45% of the cumulative emissions reductions in the NZE related

to sustainable bioenergy come from technologies that are at the demonstration or

prototype stage today, mainly for the production of biofuels.

Figqure 2.32 - Cumulative COz emissions reductions for selected
technologies by maturity category in the NZE
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In the electricity sector, it would be necessary to produce an additional 11 300 TWh of
electricity for industry and fuel transformation and to replace virtually all of the electricity
generated from fossil fuel powered plants equipped with CCUS in 2050 in the NZE. Using
renewables, this would require an additional 7 000 GW of wind and solar PV capacity in 2050.
This is around 30% more than in the NZE, and would mean that annual capacity additions of
solar PV and wind during the 2030s would need to reach 1 300 GW (300 GW more than in
the MNEZE). To accommaodate this additional level of variable renewables and to provide the
flexibility that is available from fossil fuel CCUS equipped plants in the NZE, around 660 GW
more battery capacity would be needed in 2050 (20% more than in the NZE in in 2050),
together with additional 110 GW of other dispatchable capacity.

Reducing the rate of adding CCUS at existing coal- and gas-fired generation plants in the LCC
would also raise the risk of stranded assets. We estimate that up to USD 90 billion of existing
coal- and gas-fired capacity could be stranded in 2030 and up to USD 400 billion by 2050.
Investment in fossil fuel-based CCUS in the NZE to 2050 is around USD 650 billion, which
would be avaided in the LCC, But additional investment is required in the LCC for extra wind,
solar and electrolyser capacity, for electricity-based routes in heavy industry, and for
expanded electricity networks and storage to support this higher level of deployment. As a
rosult, the additional eumulative investment to reach net-zero emissions in 2050 in the LCC
is WSD 15 trillion higher than in the NZE,

Failure to develop CCUS for fossil fuels would also be likely to delay or prevent the
development of other CCUS applications. Without fossil fuel-based CCUS, the number of
users and the volumes of the CO: transport and storage infrastructure deployed around
industrial clusters would be reduced. Fewer actors and more limited pools of capital would
be available to incur the high upfront costs of infrastructure, as well as other risks associated
with the initial roll-out of CCUS infrastructure clusters, In addition, there would be fewer
spill-over learning and cost-reduction benefits from developing fossil fuel-based CCUS,
making the successful demonstration and scale up of more nascent CCUS technologies much
less likely, A delay inthe development of other CCUS technologies would have a major impact
aon the prospect of getting to net-zero emissions in 2050, For example, CCUS is the only
stalable low-emissions option to remove CO; from the atmosphere and to almost eliminate
emissions from cement production. If progress in these technologies were delayed and could
not be deployed at scale, then achieving net-zero emissions by 2050 would be vastly more
difficult,
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Chapter 3

Sectoral pathways to net-zero emissions by 2050

SUMMARY

® Fossil fuel use falls drastically in the Net-Zero Emissions Scenario (NZE) by 2050, and
no new oil and natural gas fields are required beyond those that have already been
approved for development. No new coal mines or mine extensions are required. Low-
emissions fuels — biogases, hydrogen and hydrogen-based fuels = see rapid growth.
They account for almost 20% of global final energy in 2050, compared with 1% in
2020. More than 500 Mt of low-carbon hydrogen is produced in 2050, of which about
60% is produced using electrolysis that accounts for 20% of global electricity
generation in 2050, Liquid biofuels provide 45% of global aviation fuel in 2050,

® Electricity demand grows rapidly in the NZE, rising 40% from today to 2030 and more
than two-and-a-half-times to 2050, while emissions from generation fall to net-zero
in aggregate in advanced economies by 2035 and globally by 2040. Renewables drive
the transformation, up from 29% of generation in 2020 to 60% in 2030 and nearly 90%
in 2050. From 2030 to 2050, 600 GW of solar PV and 340 GW of wind are added each
year, The least-efficient coal plants are phased out by 2030 and all unabated coal by
2040, Investment in electricity grids triples to 2030 and remains elevated to 2050,

® In industry, emissions drop by 20% to 2030 and 90% to 2050. Around 60% of heavy
industry emissions reductions in 2050 in the NZE come from technologies that are not
ready for market today: many of these use hydrogen or CCUS. From 2030, all new
industry capacity additions are near-zerg emissions. Each month from 2030, the world
equips 10 new and existing heavy industry plants with CCUS, adds 3 new hydrogen-
based industrial plants and adds 2 GW of electrolyser capacity at industrial sites.

* Intransport, emissions drop by 20% to 2030 and 90% to 2050. The initial focus is on
increasing the operational and technical efficiency of transport systems, modal shifts,
and the electrification of road transport. By 2030, electric cars account for over 80%
of car sales (4.6% in 2020) and fuel cell or electric vehicles are 30% of heawy truck sales
{less than 0.1% in 2020). By 2035, nearly all cars sold globally are electric, and by 2050
nearly all heavy trucks sold are fuel cell or electric. Low-emissions fuels and
behavioural changes help to reduce emissions in long-distance transport, but aviation
and shipping remain challenging and account for 330 Mt CO; emissions in 2050,

® In buildings, emissions drop by 40% to 2030 and more than 95% to 2050, By 2030,
around 20% of the existing building stock worldwide is retrofitted and all new
buildings comply with zero-carbon-ready building standards. Over 80% of the
appliances sold are the most efficient models available by 2025 in advanced
economies and by the mid-2030s worldwide. There are no new fossil fuel boilers sold
from 2025, except where they are compatible with hydrogen, and sales of heat pumps
soar, By 2050, electricity provides 66% of energy use in buildings (33% in 2020).
Natural gas use for heating drops by 98% in the period to 2050.
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3.1 Introduction

The MNet-Zero Emissions by 2050 Scenario (NZE) involves a global energy system
transformation that is unparalleled in its speed and scope. This chapter looks at how the
main sectors are transformed, as well as the specific challenges and opportunities this
involves (Figure 3.1). It covers the supply of fossil and low-emissions fuels, electricity
generation and the three main end-use sectors — industry, transport and buildings. For each
sector, we set out some key technology and infrastructure milestones on which the NZE
depends for its successful delivery. Further we discuss what key policy decisions are needed,
and by when, to achieve these milestones. Recognising that there is no single pathway to
achieve net-zero emissions by 2050 and that there are many uncertainties related to clean
energy transitions, in this chapter we also explore the implications of choosing not to rely on
certain fuels, technologies or emissions reduction options across the transformation and
end-use sectors.

Figure 3.1 COz emissions by sectoer in the NIE

2010 2020 2030 2040 2050
w——Power = Buildings =———Transpori - Industry Other

EA, Al mphts reserved

Emissions fall fostest in the power sectfor, with franspor, buildings and indusdry seeing steady
declines fo 2050. Reduclions are aided by the increased avallabilty of low-emizsions fuels

Note: Other = agriculture, fuel preduction, transformation and related process emissions, and direct air
caplure,

3.2  Fossil fuel supply
3.2.1 Energy trends in the Net-Zero Emissions Scenario

Coal use declines from 5 250 million tonnes of coal equivalent (Mtce) in 2020 to 2 500 Mtce
in 2030 and to less than 600 Mtce in 2050, Even with increasing deployment of carbon
capture, utilisation and storage (CCUS), eoal use in 2050 is 90% lower than in 2020
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|Figure 3.2). Qil demand never returns to its 2019 peak and it declines from B8 million barrels
per day (mb/d) in 2020 to 72 mb/d in 2030 and to 24 mb/d in 2050, a fall of almaost 75%
between 2020 and 2050. Natural gas guickly rebounds from the dip in demand in 2020 and
rises through to the mid-2020s, reaching a peak of around 4 300 billion cubic metres (bem),
befare dropping to 3 700 bem in 2030 and to 1 750 bem in 2050. By 2050, natural gas use is
55% lower than in 2020.

Figure 3.2 Coal, oll and natural gas production in the NZE
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The trajectory of oil demand in the NZE means that no exploration for new resources is
required and, other than fields already approved for development, no new oil fields are
necessary. However, continued investment in existing sources of oil production are needed.
On average oil demand in the NZE falls by more than 4% per year between 2020 and 2050, If
all capital investment in producing oll fields were to cease immediately, this would lead to a
loss of over 8% of supply each year. If investment were to continue in producing fields but
no new fields were developed, then the average annual loss of supply would be around 4.5%
|Figure 3.3). The difference is made up by ficlds that are already approved for development.

These dynamics are reflected in the oil price in the NZE, which drops to around USD 35/ barrel
in 2020 and USD 25/barrel in 2050. This price trajectory is largely determined by the
operating costs for fields currently in operation, and only a very small volume of existing
production would need to be shut in. However, income from oil production in all countries
is much lewer in the NZE than in recent years, and the NZE projects significant stranded

! Governments may also reduce or eliminate upstream taxes be ensure that production costs are below the oil
price to maintain domestic production,
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capital and stranded value.” The oil price in the NZE would be sufficient in principle to cover
the cost of developing new fields for the lowest cost producers, including those in the Middle
East, but it is assumed that major resource holders do not proceed with investment in new
fields because doing so would create significant additional downward pressure on prices.

The refining sector also faces major challenges in the NZE. Refinery throughput drops
considerably and there are significant changes in product demand, With rapid electrification
of the vehicle fleet, there is a major drop in demand for traditional refined products such as
gasoline and diesel, while demand for non-combusted products such as petrochemicals
increases. In recent years, around 55% of oil demand was for gasoline and diesel, but this
drops to less than 15% in 2050, while the share of ethane, naphtha and liquefied petroleum
gas [LPG) rises from 20% in recent years ta almost 60% in 2050, This shift accentuates the
drop in cil demand for refiners, and refinery runs fall by 85% between 2020 and 2050.
Refiners are used to coping with changing demand patterns, but the scale of the changes in
the MNZE would inevitably lead to refinery closures, especially for refineries not able to
concentrate primarily on petrochemical operations or the production of biofuels.

Figure 3.3 = Cil and natural gas production in the NIE
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Natural gos

Mo new natural gas fields are needed in the NZE beyond those already under development,
Also not needed are many of the liquefied natural gas (LNG) liquefaction facilities currently
under construction or at the planning stage. Between 2020 and 2050, natural gas traded as

? Stranded cagital s capital Imeestment in fossil fue! infrastracture that s not recovered over the operating
lifetime of the asset because of reduced demand or reduced prices resuiting from climate policies. Stranded
value is a reduction in the future revenue generated by an asset or asset owner assessed at a given paint in
time because of reduced demand or reduced prices resulting from climate policies (IEA, 2020a).
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LNG falls by 60% and trade by pipeline falls by 65%. During the 2030s, global natural gas
demand declines by more than 5% per year on average, meaning that some fields may be
closed prematurely or shut in temporarily. Declines in natural gas demand slow after 2040,
and more than half of natural gas use globally in 2050 is to produce hydrogen in facilities
with CCUS. The large level of hydrogen, also produced using electrolysis, and biomethane in
the MZE, means that the decline in total gaseous fuels is more muted than the decline in
natural gas. This has important implications for the future of the gas industry (see Chapter 4).

Caal

Mo new coal mines or extensions of existing ones are needed in the NZE as coal demand
declines precipitously, Demand for coking coal falls at a slightly slower rate than for steam
caal, but existing sources of production are sufficient to cover demand through to 2050. Such
a decling in coal demand would have major consequences for employment in coal mining
regions (see Chapter 4). There is a slowdown in the rate of decline in the 20405 as coal
production facilities are increasingly equipped with CCUS: in the NZE, around 280% of coal
produced in 2050 applies CCUS.

3.2.2 Investment in oifl and gas

Upstream oil and gas investment averages about USD 350 billion each year from 2021 to
2030 in the NZE (Figure 2.4). This is similar to the level in 2020, but around 20% lower than
average levels during the previous five years. Once fields under development start
production, all of the upstream investment in the NZE is to support operations in existing
fields; after 2030, total annual upstream investment is around USD 170 billion each year.

Figure 3.4= Investment in cil and natural gas supply in the NIE
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3.2.3 Emissions from fossil fuel production

Emissions from the supply chains of coal, oil and natural gas fall dramatically in the NZE. The
global average greenhouse gas (GHG) emissions intensity of ol production today is just under
100 kilogrammes of carbon-dioxide equivalent (kg CO;-eq) per barrel. Without changes, a
large proportion of global production would become uneconomic, as CO; prices are applied
to the full value chains of fossil fuels. For example, by 2030 the CO; price in advanced
economies in the NZE s USD 100 per tonne of CO; (tC0;), which would add USD 10 to the
cost of producing each barrel at today's average level of emissions intensity.

Methane constitutes about 60% of emissions from the coal and natural gas supply chains and
about 35% of emissions fram the oil supply chain. In the NZE, total methane emissions from
fossil fuels fall by around 75% between 2020 and 2030, equivalent to a 2.5 gigatonne of
carbon-dioxide equivalent (Gt CO;-eq) reduction in GHG emissions (Figure 3.5). Around one-
third of this decline is a result of an overall reduction in fossil fuel consumption, but the larger
share comes from a huge increase in the deployment of emissions reduction measures and
technologios, which leads to the elimination of all technically avoidable methane emissions
by 2030 (IEA, 2020a).

Figure 3.5 Methane emissions from coal, ¢ll and natural gas in the NIE
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Actions to reduce the emissions intensity of existing oil and gas operations in the NZE leads
to: the end of all flaring; the use of CCUS with centralised sources of emissions (including to
capture natural sources of CO; that are often extracted with natural gas); and significant
electrification of upstream operations (often making use of off-grid renewable energy
sources).
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The MNZE inevitably brings significant challenges for fossil fuel industries and those who work
in them, but it also brings opportunities. Coal mining declines dramatically in the NZE, but
the mining of minerals needed for clean energy transitions increases very rapidly, and mining
expertise is likely to be highly valued in this context. The ofl and gas industry could play a key
role in helping to develop at scale a number of clean energy technologies such as CCUS, low-
carbon hydrogen, biofuels and offshore wind. Scaling up these technologies and bringing
down their costs will rely on large-scale engineering and project management capabilities,
qualities that are a good match to those of large oil and gas companies. These Issues,
including the question of how to help those affected by the major changes implied by the
MZE, are discussed in more detail in Chapter 4,

3.3 Low-emissions fuel supply

3.3.1 Energy trends in the Net-Zero Emissions Scenario

Reaching net-zero emissions will reguire low-emissions fuels® where energy needs cannot
easily or economically be met by electricity (Figure 3.6). This is likely to be the case for some
modes of long-distance transport (trucks, aviation and shipping) and of heat and feedstock
supply in heavy industry, Some low-emissions fuels are effectively drop-in, i.e. they are
compatible with the existing fossil fuel distribution infrastructure and end-use technologies,
and require few if any modifications to equipment or vehicles.

Low-emissions fuels today account for just 1% of global final energy demand, a share that
increases to 20% in 2050 in the NZE. Liguid biofuels meet 14% of global transport energy
demand in 2050, up from 4% in 2020; hydrogen-based fuels meet a further 28% of transport
energy needs by 2050, Low-carbon gases [biomethane, synthetic methane and hydrogen)
meet 35% of global demand for gas supplied through netwarks in 2050, up from almaost zero
taday. The combined share of low-carbon hydrogen and hydrogen-based fuels in total final
energy use worldwide reaches 13% in 2050. Hydrogen and ammaonia also provide important
low-emissions sources of power system flexibility and contribute 2% of overall electricity
generation in 2050, which is enough to make the electricity sector an important driver of
hydrogen demand.

 Law-emissions fuels refer to liquid bioluels, bicgas and blomethane, and hydrogen-based fuels (hydrogen,
ammonia and synthetic hydrocarbon fuels) that do not emit ©0z from fossil fuels directly when wsed and afso
emit very little when being produced, For example, hydrogen produced from natural gas with ©CUS and high
capture rates {90% or higher] is considered a low-emissions fuel, but not il produced without CCUS,
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Figure 3.6 = Global supply of low-emissions fuels by sector in the NIE
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332 Biofuels’

Around 10% of the global primary supply of modern bioenergy (biomass excluding traditional
uses for cooking) was consumed as liquid biofuels for road transport and 8% was consumed
as biogases (biogas and biomethane) to provide power and heat in 2020, with the rest
directly used for electricity generation and heating in the residential sector. Supply
accelerates sharply in the NZE with liguid biofuels expanding by a factor of almost four and
hiogases increasing by a factor of six by 2050,

All but about 7% of liquid biofuels for transport are currently praduced from conventional
crops such as sugarcane, corn and soybeans. Such crops directly compete with arable land
that can be used for food production, which limits the scope for expanding output. So most
of the growth in biofuels in the NZE comes from advanced feedstocks such as wastes and
residues and woody energy crops grown on marginal lands and cropland not suitable for food

* Liguids and gases produced from bioenesgy.
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production (see section 2.7.2), Advanced liquid biofuel production technology using woody
feedstock expands rapidly over the next decade in the NZE, and its contribution to liquid
biofuels jumps from less than 1% in 2020 to almost 45% in 2020 and 90% in 2050 (Figure 3.7).
By 2030, production reaches 2.7 million barrels of oil equivalent per day (mboe/d) by 2030,
underpinned by biomass gasification using the Fischer-Tropsch process (bio-FT) and cellulasic
ethanaol, mostly to produce drop-in substitutes for diesel and jet kerosene, Advanced liguid
biofuel production increases by an additional 130% to more than & mboe/d in 2050, the bulk
of which is biokerosene.

Figure 3.7 Global blofuels praduction by type and technolegy in the NIE
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land. Biemethane includes biogas upgrading and biomass gasification-based routes,

Production using these feedstocks is mostly under development today. Current output
capacity, principally cellulosic ethanol, is about 2.5 thousand barrels of oil equivalent per day
Ikboefd). The NZE assumes that projects currently in the pipeline in Japan, the United
Kingdom and the United States will bring these technologies to the market within the next
few years. The scale up reguired for all advanced liguid biofuels (including from waste oils)
over the next decade is equivalent to building one 55 kboe/d biorefinery every ten weeks
[the world’s largest biorefinery has capacity of 28 kboe/d).

The supply of these biofuels after 2030 shifts rapidly in the NZE from passenger vehicles and
light trucks, where electrification is increasingly the order of the day, to heavy road freight,
shipping and aviation. Ammonia makes inroads into shipping. Advanced liquid biofuels
increase their share of the global aviation fuel market from 15% in 2030 to 45% in 2050,
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Advanced biofuels such as hydrogenated esters and fatty acids (HEFA) and bio-FT are able to
adjust their product slates {up to a point) from renewable diesel to biokerosene, and existing
ethanol plants, especially those that can be retrofitted with CCUS or integrated with
cellulosic feedstock, also make a contribution.

The supply of biogases increases even maore than liquid biofuels. Injection into gas networks
expands from under 1% of total gas volume in 2020 to almost 20% in 2050, reducing the
emissions intensity of the network-based gas. Biomethane is mostly produced by upgrading
hiogas produced from anaerobic digestion of feedstocks such as agricultural residues like
manure and biogenic municipal solid waste, thereby avoiding methane emissions that would
otherwise be released. Due to the dispersed nature of these feedstocks, this assumes the
canstruction of thousands of injection sites and associated distribution lines every year.
Biogas and biomethane are also used as clean cooking fuels and in electricity generation in
the NZE.

The production of biofuels can be combined with CCUS at a relatively low cost in some biofuel
production routes (ethanal, bio-FT, biogas upgrading] because the processes involved
release very pure streams of CO,. In the NZE, the use of biofuels with CCUS results in annual
carbon dioxide removal (CDR) of 0.6 Gt CO; in 2050, which offset residual emissions in
transport and industry,

3.3.3 Hydrogen and hydrogen-based fuels

Hydrogen use in the energy sector today is largely confined to oil refining and the production
of ammonia and methanol in the chemicals industry. Global hydrogen demand was around
90 million tonnes (Mt) in 2020, mainly produced from fossil fuels (mostly natural gas) and
emitting close to 900 Mt CO.. Both the amount needed and the production route of
hydrogen change radically in the NZE. Demand increases almost sixfold to 530 Mtin 2050, of
which half is used in heavy industry [mainly steel and chemicals production) and in the
transport sector; 30% is converted into other hydrogen-based fuels, mainly ammonia for
shipping and electricity generation, synthetic kerosene for aviation and synthetic methane
blended into gas networks; and 17% is used in gas-fired power plants to balance intreasing
electricity generation from solar PV and wind and to provide seasonal storage. Owverall,
hydrogen-based fuels® account for 13% of global final energy demand in 2050 [Figure 3.8).

Ammonia is used today as feedstock in the chemical industry, but in the NZC it is also used
as fuel in various energy applications, benefitting from its lower transport cost and higher
energy density than hydrogen. Ammaonia accounts for around 45% of global energy demand
for shipping in 2050 in the NZE. Co-firing with ammaonia is also a potential early option to
reduce CO; emissions in existing coal-fired power plants. The toxicity of ammonia means that
its handling is likely to be limited to professionally trained operators, which could restrict its
potential.

* Hydrogen-based fuels are defined as hydrogen, ammenia as well as synthetic hydrocarbon fuels produced
from hydrogen and CQ;.
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Figure 2.8 > Global production of hydrogen by fuel and hydrogen demand
by sectorin the NIE
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Synthetic kerosene meets around one-third of global aviation fuel demand in 2050 in the
MEE. Its manufacture at bicenergy-fired power or biofuel production plants requires CO;
captured from the atmosphere. CO; from these sources can be considered carbon neutral,
as it results in no net emissions when the fuel is used. There is scope for the co-production
of advanced liquid biofuels and synthetic liquid fuels from hydrogen and €O;, with the
integration of the two processes reducing the overall liquid fuel production costs. Alongside
synthetic liquid fuels, enough synthetic methane is produced from hydrogen and CO; in 2050
to meet 10% of demand for network supplied gas in the buildings, industry and transport
SECtors.

By 2050, hydrogen production in the MZE is almost entirely based on low-carbon
technologies: water electrolysis accounts for more than 60% of global production, and
natural gas in combination with CCUS for almost 40%. Global electrolyser capacity reaches
B50 gigawatts (GW) by 2030 and 3 600GW by 2050, up from around 0.3 GW today.
Electrolysis absorbs close to 15 000 terawatt-hours (TWh), or 20% of global electricity supply
in 2050, largely from renewable resources (95%), but also from nuclear power (3%) and fossi|
fuels with CCUS (2%). Natural gas use for hydrogen production with CCUS is 925 bem in 2050,
ar around 50% of global natural gas demand, with 1.8 Gt CO; being captured.

Scaling up deployment of technologies and related manufacturing capacity will be critical to
reducing costs, Water electrolysers are available on the market today and hydrogen
production from natural gas with CCUS has been demonstrated at a commercial scale (there
are seven plants in operation around the world). The choice between the two depends on
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economic factors, mainly the cost of natural gas and electricity, and on whether CO; storage
is available, For natural gas with CCUS, production costs in the NZE are around USD 1-2 per
kilogramme (kg) of hydrogen in 2050, with gas costs typically accounting for 15-55% of total
production costs. For water electrolysis, learning effects and economies of scale result in
CAPEX cost reductions of 60% in the NZE by 2030 compared to 2020. Production cost
reductions hinge on lowering the cost of low-carbon electricity, as electricity accounts for
50-85% of total production costs, depending on the electricity source and region. The
average cost of producing hydrogen from renewables drops in the NZE from USD 3.5-7.5/kg
today to around USD 1.5-3.5/kg in 2030 and USD 1-2.5/kg in 2050 — essentially about the
same as the cost of producing with natural gas with CCUS.

Converting hydrogen into other energy carriers, such as ammonia or synthetic hydrocarbon
fuels, involves even higher costs. But it results in fuels that can be more easily transported
and stored, and which are also often compatible with existing infrastructure or end-use
technologies {as in the case of ammonia for shipping or synthetic kerosene for aviation). For
ammania, the additional synthesis step increases the production costs by around 15%
comparead with hydragen (mainly due to additional conversion losses and egquipment costs).

The relatively high cost of synthetic hydrocarbon fuels explains why their use is largely
restricted to aviation in the NZE, where alternative low-carbon options are limited, Synthetic
kerosene costs were USD 300-700/barrel in 2020: although these costs fall to
USD 130-300/barrel by 2050 in the NZE as the costs of electricity from renewables and CO;
feedstocks decline, the cost of synthetic kerosene remains far higher than the projected
UsD 25/barrel cost of conventional kerosene in 2050 in the NZE. The supply of CO,, captured
from bicenergy equipped with CCUS or direct air capture [DAC), needed to make these fuels
is a relevant cost factor, accounting for USD 15-70/barrel of the cost of synthetic
hydracarbon fuels in 2050. Closing these cost gaps implies penalties for fossil kerosene or
support measures for  synthetic  kerosene corresponding to a C0: price of
UsSD 250-400/tanne,

Increasing global demand for low-carbon hydrogen in the NZE provides a means for countries
to export renewable electricity resources that could not otherwise be exploited. For
example, Chile and Australia announced ambitions to become major exporters in their
national hydrogen strategies. With declining demand for natural gas in the MZE, gas-
producing countries could join this market by exporting hydrogen produced from natural gas
with CCUS. Long-distance transport of hydrogen, however, Is difficult and costly because of
its low energy density, and can add around USD 1-3/kg of hydrogen to its price. This means
that, depending on each country’s own circumstances, producing hydrogen domestically
may be cheaper than imperting it, even if domestic production costs from low-carbon
electricity or natural gas with CCUS are relatively high. International trade nevertheless
becomes increasingly important in the NZE: around half of global ammonia and a third of
synthetic liquid fuels are traded in 2050,
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3.3.4 Key milestones and decision points

Table 3.1 > Key milestones in transforming low-emissions fuels

Sector 2020 2030 2050
Binenergy
Share of modern bicfuels in modern bioenergy 20% 45% 48%
{exciuding conversion losses)
Advanced liquid biofuels {mboe/d) o1 27 6.2
Share of Blemethane in Lotal gas networks 1% 2% 20%
0y captured and stored from biofuels production {Mt COy) 1 150 625
Hydrogen
Production (Mt Hz) 57 212 528
af which: low-carbon (Mt Hz) 9 50 520
Electrolyser capacity (GW) <1 850 3585
Electricity demand for hydrogen-related groduction {TWh) 1 3 850 14500
€0y captured from hydrogen preduction (Mt €0z} 135 &R0 1800
Number of expert terminals at ports for hydrogen and ammonia trade i} &0 150

Note: mboefd = million barrels of il equivalent per day; Mt = million tonnes; Hz = hydrogen,

Blafuels

Several sustainability frameworks considering net lifecycle GHG emissions and other
sustainability indicators exist in different regions, e.g. the Renewable Energy Directive Il in
the European Union, RenovaBio in Brazil and the Low-C Fuel Standards in California.
However, the scope, methodology and sustainability metrics of these frameworks differ.
Global consensus on a sustainability framework and indicators within the next few years
would help stimulate investment; this should be a priority. Such a framewaork should cover
all forms of bicenergy (liguid, gaseous and solid) and other low-emissions fuels, and should
strive for continuous environmental performance improvement. Certification schemes
ideally should be developed in parallel.

Another early priority is for governments to assess national sustainable biomass feedstock
potential as soon as possible to establish the quantities and types of wastes, residues and
marginal lands suitable for energy crops. Assessments should provide the basis for national
roadmaps for all liguid and gaseous biofuels, and strategies for low-emissions fuels, Early
decisions will be needed in this context about how to support the sustainable collection of
wastes and residues from the forestry, agriculture, animal and food industries and from
advanced municipal solid waste sorting systems: in the NZE, support measures are in place
by 2025, Measures might usefully include low-emissions fuels standards that incentivise the
use of biofuels as feedstock. International knowledge-sharing would help with the design of
such measures and assist efficient dissemination of best practices from regions with existing
collection systems, e.g. for forestry residues in Nordic countries and used cooking oil
collection in Europe, China and Southeast Asia countries.
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Governments will alse need to decide how best to support biogas installations and
distribution in order to move away from traditional uses of biomass for cooking and heating
by 2030. Such practices remain widespread in some developing countries. They are best
tackled as part of broader programmaes to promote clean cooking alongside improving access
to electricity and LPG.

Decisions will be needed by 2025 on how best to create markets for sustainable biofuels and
close the cost gap between biofuels and fossil fuels. Measures will need to incentivise the
rapid development and deployment of advanced liguid biofuel technologies in end-use
sectors (particularly heavy-duty trucking, shipping and aviation|), using mechanisms such as
low-carbon fuel standards, biofuel mandates and CO; removal credits. Measures that could
boost the scaling up of advanced biofuels production in the next four years include:
incentives for co-processing bio-oil in existing ol refineries or fully converting oil refineries
to biorefineries; retrofitting ethanol plants with CCUS; and integrating cellulosic ethanaol
production with existing ethanol plants.

New infrastructure will be needed to provide for the injection of more biomethane into gas
networks and to transport and store the CO; captured from ethanol and bio-FT biofuel plants.
Governments should prioritise the co-development of biogas upgrading facilities and
biomethane injection sites by 2030, ensuring that particular attention is paid to minimising
fugitive biomethane emissions from the supply chain. Where biomass availability allows,
governments may see value in encouraging the deployment of biofuel plants with CCUS near
existing industrial hubs where integrated CCUS projects are planned, such as the Humber
region in the United Kingdom.

Hydrogen-based fuels

An immediate priority should be for governments to assess the opportunities and challenges
of developing a low-carbon hydrogen industry as part of national hydrogen strategies or
roadmaps. Decisions will be needed on whether to produce hydrogen domestically from low-
carbon electricity via water electrolysis or from gas with CCUS or a combination of both, or
whether to rely on imported hydrogen-based fuels. Building technology leadership along the
hydrogen supply chain could help ereate jobs and stimulate economic growth.

Decisions will be needed during the next decade on how best to bring down the costs of low-
carbon hydrogen production. Switching existing hydrogen production in industry and oil
refining fram unabated fossil fuels to low-carbon hydrogen is one possible way to ramp up
low-carbon hydrogen production in applications that have large demand already available,
Fimancial support instruments, such as contracts for differences, could help to reduce the
current cost gap of low-carbon hydrogen production compared to existing unabated
praduction fram fossil fuels,

Decisions will also be needed on how best to scale up hydrogen. Industrial ports could be a
good starting point, since they may provide access to low-carbon hydrogen supply in the
form of offshore wind or CO; storage. They also offer scope to promote new port-related
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uses for hydrogen, e.g. shipping and delivery trucks, and they could become the first nodes
of an international hydrogen trade network, The establishment of hydrogen trade will
require the development of methodologies to determine the carbon footprint of the
different hydrogen production routes and the adoption of guarantees of origin and
certification schemes for low-carbon hydrogen {and hydrogen-based fuels).

Blending hydrogen into existing gas networks offers another early avenue to scale up low-
carbon hydrogen production and trigger cost reductions. International harmonisation of
safety standards and national regulations on allowed concentrations of hydrogen in gas grids
would help with this, as would the adoption of blending guotas or low-emissions fuel
standards.

Repurposing existing gas pipelines, where technically feasible, with declining natural gas
demand and connecting large hydrogen demand hubs to transport hydrogen could result in
low cost and low regret opportunities to kick-start the development of new hydrogen
infrastructure. Developing the infrastructure for hydrogen at the pace required in the NZE
would involve considerable investment risks along the value chain of production, transport
and demand ranging from hydrogen production technologies through te low-emissions
electricity generation and CO; transport and storage. Governments and local avthorities
could play an impertant role by co-ordinating the planning processes among the various
stakeholders; direct public investment or public-private partnerships could help to develop
necessary shared infrastructure for hydrogen; and international co-operation and cross-
border Initiatives could help to share investment burdens and risks and so facilitate large-
scale deployments, as inthe EU Important Projects of Commaon European Interest.

3.4 Electricity sector
3.4.1 Energy and emissions trends in the Net-Zero Emissions Scenario

The MEZE involves both a significant increase in electricity needs — the result of an increase in
economic activity, rapid electrification of end-uses and expansion of hydrogen production by
electrolysis = and a radical transformation in the way electricity is generated. Global
electricity demand was 23 230 TWh in 2020 with an average growth rate of 2.3% per year
over the previous decade. It climbs to 60 000 TWh in 2050 in the NZE, an average increase of
3.2% per year.

Emerging market and developing economies account for 75% of the projected global
increase in electricity demand to 2050 (Figure 3.9). Their demand increases by half by 2030
and triples by 2050, driven by expanding population and rising incomes and living standards,
as well new sources of demand linked to decarbonisation. In advanced economies, electricity
demand returns to growth after a decade-long lull, nearly doubling between 2020 and 2050,
driven mostly by end-use electrification and hydrogen production,
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Figure 3.9 = FEechicily demand by sector and regional grouping in the NIE
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The transfermation of the electricity sector is central to achieving net-zero emissions in 2050.
Electricity generation is the single largest source of energy-related CO; emissions today,
accounting for 36% of total energy-related emissions. CO: emissions from electricity
generation worldwide totalled 12,3 Gt in 2020, of which 9.1Gt was from coal-fired
generation, 2.7 Gt from gas-fired plants and 0.6 Gt from oil-fired plants. In the NZE, CO;
emissions from electricity generation fall to zero in aggregate in advanced economies in the
20305, They fall to zero in emerging market and developing economies around 2040,

Renewables contribute mast to decarbonising electricity in the NZE: global generation from
renewables nearly triples by 2020 and grows eightfold by 2050 (Figure 3.10). This raises the
share of renewables in total output from 29% in 2020 to over 60% in 2030 and nearly 90% in
2050, Solar PV and wind race ahead, becoming the leading sources of electricity globally
before 2030: each generates over 23 000 TWh by 2050, equivalent to about 80% of all
electricity produced in the world in 2020. Pairing battery storage systems with solar PV and
wind to improve power system flexibility and maintain electricity security becomes
commaonplace in the late 2020s, complemented by demand response for short duration
flexibility and hydropower or hydrogen for flexibility across days or even seasons.
Hydropower is the largest low-carbon source of electricity today and steadily grows in the
MZE, doubling by 2050. Generation using bioenergy — in dedicated plants and as biomethane
delivered through gas networks = doubles to 2030 and increases nearly fivefold by 2050,
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Figure 2.10 = Global electicity generation by source in the NIE
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Muclear power also makes a significant contribution in the NZE, its output rising steadily by
40% to 2030 and doubling by 2050, though its overall share of generation is below 10% in
2050, At its peak in the early 20305, global nuclear capacity additions reach 30 GW per year,
five-times the rate of the past decade. In advanced economies, lifetime extensions for
existing reactors are pursued in many countries as they are one of the most cost-effective
sources of low-carbon electricity (IEA, 2019), while new construction expands to about
4.5 GW per year on average from 2021 to 2035, with an increasing emphasis on small
modular reactors. Despite these efforts, the nuclear share of total generation in advanced
economies falls from 18% in 2020 to 10% in 2050. Two-thirds of new nuclear power capacity
in the NZE is built in emerging market and developing economies mainly in the form of large-
scale reactors, where the fleet of reactors quadruples to 2050, This raises the share of
nuclear in electricity generation in those countries from 5% in 2020 to 7% in 2050 {as well as
nuclear meeting 4% of commercial heat demand in 2050).

Nuclear power technologies have advanced in recent years, with several first-of-a-kind large-
scale reactors completed that include enhanced safety features. While projects have been
completed on schedule in China, Russia and the United Arab Emirates, there have been
substantial delays and cost overruns in Europe and the United States. Small modular reactors
and other advanced reactor designs are moving towards full-scale demonstration, with
scalable designs, lower upfront costs and the potential to improve the flexibility of nuclear
power in terms of both operations and outputs, e.g. electricity, heat or hydrogen.

Retrofitting coal- and gas-fired capacity with CCUS or co-firing with hydrogen-based fuels
enables existing assets to contribute to the transition while cutting emissions and supporting
electricity security. The best opportunities for CCUS are at large, young facilities with
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available space to add capture cquipment and in locations with CO; storage options or
demand for use, Opportunities are concentrated in China for coal-fired power plants and the
United States for gas-fired capacity. While they provide just 2% of total generation from 2030
to 2050 in the NZE, retrofitted plants capture a total of 15 Gt CO; emissions over the period.

Carbon capture technologies remain at an early stage of commercialisation. Two commercial
power plants have been equipped with CCUS over the past five years, and there are currently
18 CCUS power projects in development worldwide, Completing these projects in a timely
manner and driving down costs through learning-by-doing will be critical to further
expansion. An alternative would be to retrofit existing coal- and gas-fired power plants to
ca-fire high shares of hydrogen-based fuels. In the NZE, hydrogen-based fuels generate
900 TWh of electricity in 2030 and 1 700 TWh in 2050 in this way (about 2.5% of global
generation in both years). A large-scale (1 QW) demonstration project to co-fire with 20%
ammenia is underway in 2021, with aims to move towards ammonia-only combustion.
Manufacturers have signalled that future gas turbine designs will be capable of co-firing high
shares of hydrogen. While the investment needed to co-fire hydrogen-based fuels looks to
be modest, relatively high fuel costs point to targeted applications to support power system
stability and flexibility rather than bulk power.

The global use of unabated fossil fuels in electricity generation is sharply reduced in the NZE.
Unabated coal-fired generation is cut by 70% by 2030, including the phase-out of unabated
coal in advanced economies, and phased out in all ather regions by 2040, Large-scale oil-fired
generation is phased out in the 2030s. Generation using natural gas without carbon capture
rises in the near term, replacing coal, but starts falling by 2030 and is 90% lower by 2040
compared with 2020,

The electricity sector is the first to achieve net-zero emissions mainly because of the low
casts, widespread policy support and maturity of an array of renewable energy technologies.
Solar PV is first among them: it is the cheapest new source of electricity in most markets and
has policy support in more than 130 countries. Onshore wind is also a market-ready low cost
technology that is widely supported and can be scaled up quickly, rivalling the low costs of
solar PV where conditions are good, though it faces public opposition and extensive
permitting and licensing processes in several markets. Offshore wind technology has been
maturing rapidly in recent years; its deployment is poised to accelerate in the near term. The
current focus is on fixed-bottom installations, but floating offshore wind starts to make a
major contribution from around 2030 in the MNZE, helping to unlock the enormous potential
that exists around the world. Hydropower, bioenergy and geothermal technologies are well
established, mature and flexible renewable energy sources, As dispatchable generating
options, they will be critical to electricity security, complemented by batteries, which have
seen sharp cost reductions, have proven their ability to provide high-value grid services and
can be built in a matter of months in most locations. Concentrating solar and marine power
are less mature technologies, but innovation could see them make important contributions
in the long term.
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3.4.2 Key milestones and decision points

Table 3.2 > Key milestones in transforming global electricity generation

Decarbonisation of * Advanced economies in aggregate: 2035,
eloctricity saetar o Emerging market and developing economies: 2040,

Hydrogen-based + Start retrofitting coal-fired power plants to co-fire with ammonia and gas turbines

fuels to co-fire with hydrogen by 2025,

Unabated & Phase out all subcritical coalfired power plants by 2030 {870 GW existing plants
fossl huel and 14 GW under construction).

* Phase out all unabated coal-fired plants by 2040,

* Phase gut large oll-fired power plants in the 2030s,
+ Unabated natura! gas-fired generation peaks by 2030 and is 90% lower by 2040,

Category

Total electricity generation (TWh] 26 B00 37 300 71 200
Renawables

Installed capacity (GW) 2990 10 300 216 600
Share in total generation 29% G1% Bi%
Share of solar PV and wind in total generation 9% A% 68%
Carbon capture, utilisation and storage (CCUS) generation (Twh)
Coal and gas plants equipped with CCUS 4 460 1330
Bioenergy plants with CCUS 1] 130 840
Hydrogen and ammaonia
Average blending in global coal-fired generation (without CCUS) 0% % 10006
HAverage blending in global gas-fired genesation (without CCLS) 0% 9% B5%
Unabated fossil fuels

Share of unabated coal in total electricity generation 5% 8% 0.0
Share of unabated natural gas in total electricity generation 23% 17% 0.4%
Muclaar power 2016-20 202130 2031-50
Averape annual capacity additions [GW) T 17 24
Infrastructure

Electricity networks investment in USD billlon (2019) 260 #20 8O0
Substations capacity (GVA) 55 900 113 000 290 400
Battery storage {GW) 18 590 3100
Public EV charging {GW] a6 1780 12 400

Note: GW = gigawatts; GVWA = gigavolt amperes.

Transforming the electricity sector in the way envisioned in the NZE involves large capacity
additions for all low-emissions fuels and technologies. Global renewables capacity more than
triples to 2030 and increases ninefold ta 2050. From 2030 to 2050, this means adding more
than 600 GW of solar PV capacity per year on average and 340 GW of wind capacity per year
including replacements [Figure 3.11), while offshore wind becomes increasingly important
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aver time (over 20% of total wind additions from 2021 to 2050, compared with 7% in 2020].
The annual deployment of battery capacity in the electricity sector needs to scale up in
parallel, from 3 GW in 2019 to 120 GW in 2030 and over 240 GW in 2040. Retrofitting existing
coal- and gas-fired power plants also needs to get underway.

Figure 3.11 = 3clar PV and wind installed capacity In the NIE
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Figure 3.12 = Glokal investment in electricity networks in the NIZE
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Investment in electricity networks will be crucial te achieving this transformation. Global
electricity networks that took over 130 years to build need to more than double in total
length by 2040 and increase by another 25% by 2050. Total grid investment needs to rise to
UsD 820 billion by 2030, and USD 1 trillion in 2040, before falling back after electricity is fully
decarboenised and the growth of renewables slows to match demand growth (Figure 3.12}).
Replacing ageing infrastructure is an important part of network investment through to 2050
in the NZE.

Governments face several key decisions in the electricity sector if they are to follow the
pathway to net-zero emissions by 2050 envisioned in the NZE particularly about how to best
use existing power plants. For retrofits of coal- or gas-fired capacity, either with carbon
capture or co-firing with hydrogen-based fuels [or full conversion), decisions are needed to
support first-of-a-kind projects before 2030 before widespread retirement of unabated
plants becomes necessary. For other fossil fuel power stations, decisions about phase outs
are needed. Coal-fired power plants should be phased out completely by 2040 unless
retrofitted, starting with the least-efficient designs by 2030 [Figure 3.13). This would require
shutting 870 GW of existing subcritical coal capacity globally [11% of all power capacity) and
international collaboration to facilitate substitutes. By 2040, all large-scale oil-fired power
plants should be phased out. Matural gas-fired generation remains an important part of
electricity supply through to 2050, but strong government support will be needed to ensure
that CCUS is deployed soon and on a large scale.

Figure 3.13 » Coal-fired electricity generation by technology in the NIE
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The path to net-zero emissions could be facilitated by early government action to help move
several technologies that provide power system flexibility through the demonstration phases
and bring them to market. Expanding the set of energy storage technologies to complement
batteries and addressing emerging needs for longer duration seasonal storage would be of
particular value. Technical solutions to support the stability of power grids with high shares
of solar and wind would also benefit from research and development [R&D) suppaort.

There are three important sets of decisions to be made concerning nuclear powaer: lifetime
extensions; pace of new construction; and advances in nuclear power technology. In
advanced economies, decisions need to be made about new construction and the large
number of nuclear power plants that may be retired over the next decade absent action to
extend their lifetimes and make the required investment. Without further lifetime
extensions and new projects beyond those already under construction, nuclear power
output in advanced economies will decline by two-thirds over the next two decades
[IEA, 2019). In emerging market and developing economies, there are decisions to be made
about the pace of new nuclear power construction. From 2011 to 2020, an average of 6 GW
of new nuclear capacity came online sach year, By 2030, the rate of new construction
increases to 24 GW per year in the NZE. The third set of decisions concerns the extent of
government support for advanced nuclear technologies, particularly those related to small
modular reactors and high-temperature gas reactors, both of which can expand markets for
nuclear power beyond electricity.

Figure 3.14 > Addifional globaol alternative capacity needed in a low Nuclear
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Nate: The Low Nuclear and CCUS Case assumes that global nuclesr power output is about 60% lower in 2050
than in the NZE due to no additiona! [ifetime extensions or new nuclear projects in advanced economies and
no expansion of the current pace of construction in emerging market and developing economies, and that the
amount of ceal- and gas-fired capacity equipped with CCUS is 99% [ower than in the NZE.
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Failing to take timely decisions on nuelear power and CCUS would raise the costs of a net-
zero emissions pathway and add to the risk of not meeting the goal by placing an additional
burden on wind and solar to scale up even more quickly than in the NZE (Figure 3.14). In a
Law Nuclear and CCUS Case, we assume that global nuclear power output is 80% lower in
2050 than in the NZE as a result of no additional nuclear lifetime extensions or new projects
in advanced economies and no expansion of the current pace of construction in emerging
market and developing economies, and that only the announced CCUS projects are
completed (representing 1% of the CCUS capacity added in the NZE).

Qur analysis indicates that the burden of replacing those sources of low-carbon generation
would fall mainly on solar PV and wind power, calling for 2 400 GW more capacity than in
the NZE - an amount far exceeding their combined global capacity in operation in 2020
|Figure 3.14). There would also be a need for about 480 GW of battery capacity above and
beyond the 3 100 GW deployed in the NZE, plus more than 300 GW of other dispatchable
capacity to meet demand in all seasons and ensure system adequacy. This would call for an
additional USD 2 trillion investment in power plants and related grid assets (net of lower
investment in nuclear and CCUS). Taking account of avoided fuel costs, the estimated total
additional cost of electricity to consumers between 2021 and 2050 is USD 260 billion,

3.5 Industry

3.5.1 Energy and emission trends in the Net-Zero Emissions Scenario

As the second-largest global source of energy sector CO; emissions, industry has a vital
eontribution to make in achieving the net zero goal, Industrial CO; emissions® (including from
energy use and production processes) totalled about 8.4 Gt in 2020. Advanced economies
accounted for around 20% and emerging market and developing economies for around 80%,
although complex glabal supply chains for the production of materials and manufacturing
mean that advanced economies generally consume far more finished goads than they
produce.

Three heavy industries — chemicals, steel and cement — account for nearly 0% of all
industrial energy consumption and around 70% of CO, emissions from the industry sector,
Production is highly concentrated in emerging market and developing economies, which
account for 70-90% of the combined output of these commaodities (Figure 3.1%), China alane
was responsible for almost 60% of both steel and cement production in 2020. These bulk
materials are essential inputs to our modern way of life, with fow cost-competitive
substitutes; the challenge is to carry on producing these materials without emitting CO,.

The outlook for global materials dernand in the NZE is one of plateaus and small increases,
This is in stark contrast with the growth seen during the last two decades when global steel

® All CO; emissions in this section refer to direct CO; emissions from the industry sector unless otherwise
spaecilied.
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demand rose by 2.1 -times, cement by 2.4-times and plastics (a key group of material outputs
from the chemical sector] by 1.9-times in response to global economic and population
expansion. When economies are developing, per capita material demand tends to rise
rapidly to bulld up stocks of goods and infrastructure. As economies mature, future demand
stems primarily from the need to refurbish and replace these stocks, the levels of which tend
to saturate. In the NZE, flattening or even declining demand in many countries around the
world leads to slower global demand growth. Some countries such as India see higher growth
in steal and cement production, while production in China declines considerably following its
industrial boom period after the turn of the millennium.

Figure 3.15 = Global COz emissions from industry by sub-sector in the NZE
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Certain segments of material demand increase rapidly to support the required expansion of
energy-related infrastructure in the NZE, notably renewable electricity generation and
transport infrastructure. The additional infrastructure required for these two segments by
2050 relative to today alone contributes roughly 10% of steel demand in 2050. But co-
ordinated cross-sectoral strategies, including modal shifts in transport and building
renovation, as well as other changes in design, manufacturing methods, construction
practices and consumer behaviour, more than offset this increase. Overall, global demand
for steel in 2050 is 12% higher than today, primary chemicals is 30% higher and cement
demand is broadly flat.

C0: emissions from heavy industry decline by 20% by 2030 and 93% by 2050 in the NZE.
Optimising the operational efficiency of equipment, adopting the best available technologies
for new capacity additions and measures to improve material efficiency play an importam
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part in this. However, there are limits to how much emissions can be reduced by these
measures, Almost 60% of emissions reductions in 2050 in the NZE are achieved using
technologies that are under development today (large prototype or demonstration scale)
[Figure 3.16).

Figure 3.16 = Global COz emissions in heavy industry and reductions by
mitigation measure and technology maturity category in the NZE
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Hydrogen and CCUS technologies together contribute around 50% of the emissions
reductions in heavy industry in 2050 in the NZE. These technologies enable the provision of
large amounts of high-temperature heat, which in many cases cannot be easily provided by
electricity with current technologies, and help to reduce process emissions from the chemical
reactions inherent in some industrial production, Bioenergy also makes a contribution in a
wide array of industrial applications.

Aside from the need for high-temperature heat and process emissions, two factors explain
the slower pace of emissions reductions in heavy industries relative to other areas of the
energy system. First, the case with which many industrial materials and products can be
traded globally means that markets are competitive and margins are low. This leaves little
room to absorb additional costs stemming from the adoption of more expensive praduction
pathways. It will take time to develop robust global co-operation and technology transfer
framewaorks or domestic solutions to enable a level playing field for these technologies.
Second, heavy industries use capital-intensive and long-lived equipment, which slows the
deployment of innovative low-emission technologies. Capacity additions in the period to
2030 - before a large-scale roll-out of innovative processes can take place — largely explain
the persistence of industrial emissions in 2050, more than 80% of which are in emerging
market and developing economies. Strategically timed investment in low-carbon
technologies could help minimise early retirements (Box 3.1).
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Box 3.1 Investment cycles in heavy industry

For beavy industry, the year 2050 is just one investment cycle away. Average lifetimes of
emissions-intensive assets such as blast furnaces and cement kilns are around 40 years.
After about 25 years of operation, however, plants often undergo a major refurbishment
to extend their lifetimes,

The challenge is to ensure that innovative near-zero emissions industrial technologies
that are at large prototype and demonstration stage today reach markets within the next
decade, when around 30% of existing assets will have reached 25 years of age and thus
face an investment decision. If these innovative technologies are not ready, or not used
even if ready, this would have a major negative impact on the pace of emissions
reductions or risk an increase in stranded assets (Figure 3.17). Conversely, if they are
ready, and if existing plants are retrofit or replaced with them at the 25-year investment
decision point, this could reduce projected cumulative emissions to 2050 from existing
heavy industry assets by around 40%. The critical window of opportunity from now to
2030 should not be missed.

Figure 3.17 = CO:z emissions from existing heavy industricl assets in the NIE
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The energy mix in industry changes radically in the NZE. The share of fossil fuels in total
energy use declines from around 70% today to 30% in 2050. The vast majority of fossil fuels
still being used then are in heavy industries, mainly as chemical feedstock (50%) or in plants
equipped with CCUS (around 30%). Electricity is the dominant fuel in industrial energy
demand growth, with its share of total industrial energy consumption rising from 20% in 2020
to 45% in 2050. Some 15% of this electricity is used to produce hydrogen. Bioenergy plays an
impartant role, contributing 15% of total energy use in 2050, but sustainable supplies are
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limited, and It is also in high demand in the power and transport sectors. Renewable solar
and geothermal technologies to provide heat make a small but fast growing contribution
[Figure 2.18).

Figure 3.18 = Globkal final industrial energy demand by fuel in the NIE

Total industry Heawy industry
100% - -
B
60%
0%
20%%
2020 2030 2040 2050 2020 2030 2040 2050
B Coal B Coal with CCUS mail B Natural gas
m Natural gas with CCUS  ® Electricity # Electricity for hydrogen @ Heat {imported]
H Bioenergy and waste M Other renewables B Hydrogen {imported])

FA Al rights ressrved

Fossit fuel use in Industry is halved by 20350, replaced primanly by eleciicity and bioenergy

Notes: Industrial energy consumption includes chemnical feedstock and energy consumed in biast furmaces and
coke ovens. Hydrogen refers to imported ydrogen and excludes captive hydrogen genesation, Electricty for
hydrogen refers to electricity used in the groduction of captive hydrogen via electrolysis.

Chemicals production

In the NZE, emissions from the chemicals sub-sector fall from 1.3 Gt in 2020to 1.2 Gtin 2030
and around 65 Mt in 2050. The share of fossil fuels in total energy use falls from 83%in 2020
[mostly oil and natural gas), to 76% in 2030 and 61% in 2050. Oil remains the largest fual
used in primary chemicals production by 2050 in the NZE, along with smaller guantities of
gas and coal.

Technologies that are currently available on the market account for almost 80% of the
emissions savings achieved globally in the chemical industry by 2030 in the NZE relative to
today. They include recycling and re-use of plastics and maore efficient use of nitrogen
fertilisers, which reduce the demand for primary chemicals, and measures to increase energy
efficiency. Beyond 2030, the bulk of emissions reductions result from the use of technologies
whaose integration in chemical processes is under development today, including certain CCUS
applications and electrolytic hydrogen generated directly from variable renewable electricity
|Figure 3.19). CCUS-equipped conventional routes and pyrolysis technologies are most
campetitive in regions with access to low cost natural gas, while electrolysis is the favoured
option in regions where the deployment of CCUS is impeded by a lack of infrastructure or
public acceptance.
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Figure 3.19 = Global industrial preduction of bulk materials by preduction
route in the NZE
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lron and steel production

In the NZE, global CO; emissions from the iron and steel sub-sector fall from 2.4 Gt in 2020
to 1.8 Gt in 2030 and 0.2 Gt in 2050, as the unabated use of fossil fuels falls sharply. Their
share of the overall fuel mix drops from 85% today to just over 30% in 2050. The steel
industry remains one of the last sectors using significant amounts of coal in 2050, primarily
due to its importance as a chemical reduction agent, albeit mostly in conjunction with CCUS,

The NZE sees a radical technological transformation of the iron and steel sub-sector based
largely on a major shift from coal to electricity, By 2050, electricity and other non-fossil fuels
account for nearly 70% of final energy demand in the sector, up from just 15% in 2020. This
shift is driven by technologies such as scrap-based electric arc furnaces (EAF), hydrogen-
based direct reduced iron (DRI} facilities, iron ore electrolysis and the electrification of
aneillary equipment. The share of coal in total energy use drops from 75% in 2020 to 22% by
2050 in the NZE, of which 90% is used in conjunction with CCUS.

Technologies that are currently on the market deliver around 85% of emissions savings in
steel production to 2030. They include material and energy efficiency measures and a major
increase in scrap-based production = which requires only around one-tenth of the energy of
primary steel production — driven primarily by increased scrap availability as more products
reach their end-of-life. Partial hydrogen injection into commercial blast furnaces and DRI
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furnaces gain pace in the mid-2020s, building on pilot projects testing the practice today,
After 2030, the bulk of emission reductions come from the use of technologies that are under
development, including hydrogen-based DRI and iron ore electrolysis. Several
CCUS-equipped process technologles are deployed in parallel, including innovative smelting
reduction, natural gas-based DRI production (particularly in regions with low natural gas
prices) and innovative blast furnace retrofit arrangements in regions with relatively young
plants.

Cement production

Producing a tonne of cement today generates around 0.6 tonnes CO; on average, two-thirds
of which are process emissions generated from carbon released from the raw materials used,
Fossil fuels — mostly coal plus some petroleum coke — account for 90% of thermal energy
needs.

Increased blending of alternative materials inta cement to replace a portion of clinker (the
active and most emissions-intensive ingredient), lower demand for cement and energy
efficiency measures deliver around 40% of the emissions savings in 2030 compared with
2020. Through use of blended cements, the global clinker-to-cement ratio declines from 0.71
in 2020 to 0.65 in 2030, The ratio continues to decline after 2030, but maore slowly, reaching
0.57 in 2050 (blended cements could reach a clinker-to-cement ratic as low as 0.5, but
market application potential depends on regional contexts). Limestone and calcined clay are
the main alternative materials used in blended cements by 2050, Since 0.5 is the lowest
technically achievable clinker-to-cement ratio, other measures are necded to achieve deeper
emission reductions.

After 2030 in the NZE, the bulk of emissions reductions come from the use of technologies
that are under development today. CCUS is the most important, accounting for 55% of
reductions in 2050 relative to today. In many cases, it is more cost-effective in the NZE to
apply CCUS to fossil fuel combustion emissions than to switch to zero-emissions energy
sources. Coal use is eliminated from cement production by 2050, when natural gas accounts
far about 40% of thermal energy [up from 15% today), biomass and renewable waste for a
further 35% (up from less than 5% today), hydrogen and direct electrification for just about
15%, and oil products and non-renewable waste for the remainder. Constraints on the
availability of sustainable biomass supplies prevent it from claiming a higher share. Direct
electrification of cement kilns is at the small prototype stage today, and so only starts to be
deployed after 2040 on a small scale. From the 2040s, hydrogen provides around 10% of
thermal energy needs in cement kilns, although blending of small amounts begins earlier.
Innovative types of cement based on alternative binding materials that limit or avoid the
generation of process emissions, and even enable CO; capture during the curing process, are
either still at much earlier stages of development relative to other options like CCUS, or have
limited applicability.
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Box 3.2 = What about other industry sub-sectors?

Steel, cement and chemicals are not the only outputs from the industry sector. it also
includes other energy-intensive sub-sectors such as aluminium, paper, other non-
metallic minerals and non-ferrous metals, as well as light industries that produce
vehicles, machinery, food, timber, textiles and other consumer goods, together with the
energy consumed in construction and mining operations.

Emissions from the light industries decline by around 30% by 2030 and around 95% by
2050 in the NZE. In contrast to the heavy industries, mast of the technologies required
for deep emission reductions in these sub-sectors are available on the market and ready
to deploy. This is in part because more than 90% of total heat demand is low/medium-
temperature, which can be maore readily and efficiently electrified.

Figure 3.20 = Share of heating technology by temperature level in light
industries in the NIE
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Electricity accounts for around 40% of heat demand by 2030 and about 65% by 2050. For
low- {<100 °C) and some medium- (L00-400 “C) temperature heat, electrification includes
an important role for heat pumps (accounting for about 30% of total heat demand in
2050). In the NZE, around 500 MW of heat pumps need to be installed every month over
the next 30 years. Along with electrification, there are smaller roles for hydrogen and
bisenargy for high-temperature heat (=400 °C), accounting for around 20% and around
15% respectively of total energy demand in 2050 [Figure 3.20). The rate of electralyser
capacity deployment is much lower than heavy industries, but the unit sizes will also be
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much smaller. About 5% of heat demand is satisfied by direct use of renewables,
including solar thermal and geothermal heating technologies,

Energy efficiency also plays a critical role in these manufacturing industries, notably
through increased efficiency in electric motors (conveyers, pumps and other driven
systems), By 2030, 90% of the motor sales in other Industries are Class 3 or above.

3.5.2 Key milestones and decision points

Table 3.3 >  Key milestones in fransforming global heavy industry sub-sectors

Hesvy industry & 2035 virtually, all capacity additions are innovative low-emissions routes.

Industrial motors 2035 all electric mators sales are best in class,
Category 2020 2030 2050
Total industry

Share of electricity in total final consumption 21% 28% 46%
Hydrogen demand {ME Hz) 51 93 187
C0y captured {Mt CO3) 3 375 2300
Chemicals
Share of recycling: reuse in plastics collection 17% 7% 54%
reuse in secondary production 8% 14% ELES
Hydrogen demand (ML Hz) 46 63 B3
with on-site electrolyser capacity {GW) 0 38 210
Share of production via iInnovative routes 1% 13% 3%
COz captured (Mt COx) 2 70 340
Steel
Recycling, re-use: scrap as share of input 32 38% A6%
Hydrogen demand {Mt Hz) 5 19 54
with on-site electrolyser capacity (GAW) il 6 295
Share of primary steel production: hydrogen-based DRI-EAF 0% % 9%
Iron one electrolysis-EAF 0% 0% 13%
CCUS-equipped processes 0% % 53%
€0z captured 1 7o 670
Camant
Clinker Lo cement ratio 071 0,65 0.57
Hydrogen demand {Mt Hz) [i] 2 12
Share of production via innovative routes 0% 9% 93%
COy captured (Mt CCr) ] 215 1355

Note: DRI = direct reduced iron; EAF = electric arc furnace,

From 2030 onwards, all new capacity additions in industry in the NZE feature near-zero
emissions technologies, Much of the heavy industry capacity that will be added and replaced
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in the coming years is In emerging market and developing economies; they may expect
financial support from advanced economies, Each month from 2030 to 2050, the NZE implies
an additional 10 industrial plants equipped with CCUS, three additional fully hydrogen-based
industrial plants and 2 GW of extra electrolyser capacity at industrial sites. While challenging,
this is achievable. For comparison, about 12 heavy industrial facilities were built from scratch
on average per month in China alone from 2000 to 2015. By 2050, nearly all production in
heavy industry is with near-zero emissions technologies.

Decisive action from governments is imperative to achieve clean energy transitions in heawy
industry at the scale and pace envisioned in the NZE. Within the next two years, governments
in advanced economies will need to take decisions about funding for R&D for critical near-
zero emissions industrial technologies and for mitigating the investment risks associated with
demonstrating them at scale. This should lead to at least two or three commercial
demonstration projects for each technology in different regions, and to market deployment
by the mid-2020s. International co-ordination and co-operation would facilitate better use
of resources and help prevent gaps in funding.

Governments alse need to take early decisions on large-scale deployment of near-zero
emissions technologies. By 2024 in advanced economies and 2026 in emerging market and
developing econamies, governments should have in place a strategy for incorporating near-
zero emissions technologies into the next series of capacity additions and replacements for
stee| and chemical plants, which should include decisions about whether to pursue CCUS,
hydrogen ar a combination of both, If they are to succeed, those strategies need to include
cancrete plans for developing and financing the necessary infrastructure for CCUS and/for
hydrogen, together with clean electricity generation for hydrogen production. The
construction of the required infrastructure should begin as soon as possible given the long
lead-times involved.

Within a similar timeframe, governments of countries that produce cement should decide
how to develop the necessary CCUS infrastructure for that sub-sector, including the
necessary legal and regulatory frameworks. Impaorting countries should make plans to move
progressively to exclusive use of low-emissions cement, which may involve the need to
support the development of CCUS-equipped facilities elsewhere in order to ensure supplies
and to avoid a disproportionate burden being placed on other countries.

Strategies must be underpinned by specific policies. By 2025, all countries should have a long-
term CO; emissions reduction policy framewark in place to provide certainty that the next
wave of investment in capacity additions will feature near-zero emissions technologies.
Successful strategies are likely to require initial measures such as carbon contracts for
difference, public procurement and incentives to encourage private sector procurement, As
new technologies are deployed and costs decline, there is likely to be a strong case by about
2030 for replacing these initial measures with others such as €05 taxes, emissions trading
systems and emissions performance standards. Financing support for near-zero emissions
capacity additions may also have an important role to play through measures such as low
interest and concessional loans and blended finance, as well as through contributions by
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advanced economies to funds that support projects in emerging market and developing
economies, Strategies should also include measures to reduce industrial emissions through
material efficiency, for example by revising design regulations, adopting incentives to
promote longer product and building lifetimes, and improving systems for collecting and
sarting materials for recycling.

There is a strong case for an international agreement on the transition to near-zero emissions
for globally traded products by the mid-2020s so as to establish a level playing field.
Alternatively, countries may need to resort to measures to shield domestic near-zero
emissions production from competition from products that create emissions. Any such policy
would need to be designed to respect the regulatory frameworks governing international
trade, such as those of the World Trade Organization.

Even with accelerated innovation timelines and strong policies in place, some high-emitting
capacity additions will be needed to meet demand in the next decade before near-zero
emissions technologies are available. It would make sense for governments to require any
new capacity to incorporate retrofit-ready designs so that unabated capacity added in the
next few years has the technical capacity and space requirement to Integrate near-zero
emissions technologies in coming years. Beyond 2030, investment in the NZE is confined to
innovative near-Zers emissions process routes,

Gavernments should not overlook the need for measures to spur deplayment of already
available near-zero emissions technologies in light manufacturing industries. Adopting a
carbon price and then sufficiently increasing the price over time = through carbon taxes or
emissions trading systems for larger manufacturers — may be the simplest way to achiave
that objective. Other regulatory measures such as tradeable low-carbon fuel and emissions
standards could yield the same outcome, but may invalve greater administrative complexity.
Technology mandates are likely to be needed to achieve the energy efficiency savings in the
MEZE, such as minimum energy performance standards for new motors and boilers. Tailored
programmes and incentives for small and medium enterprises could also play a helpful role.

3.6 Transport
3.6.1 Energy and emission trends in the Net-Zero Emissions Scenario

The global transport sector emitted over ¥ Gt C0y in 2020, and nearly 8.5 Gt in 2019 before
the Covid-19 pandemic.” In the NZE, transport sector CO; emissions are slightly over 5.5 Gt
in 2030. By 2050 they are around 0.7 Gt — a 90% drop relative to 2020 levels. CO; emissions
decline even with rapidly rising passenger travel, which nearly doubles by 2050, and rising
freight activity, which increases by two-and-a-half-times from current levels, and an increase
in the global passenger car fleet from 1.2 billion vehicles in 2020 to close to 2 billion in 2050.

? Unless otherwise noted, COy emissions reported here are direct emissions from fossil feel combusted during
thie operation of vehicles,
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The transport modes do not decarbonise at the same rate because technology maturity
varies markedly between them (Figure 3,21). COs emissions from two/three-wheelers almost
cease by 2040, followed by cars, vans and rail in the late 2040s. Emissions from heavy trucks,
shipping and aviation fall by an annual average of 6% between 2020 and 2050, but still
callectively amount to more than 0.5 Gt CO; in 2050. This reflects projected activity growth
and that many of the technologies needed to reduce CO; emissions in long distance transport
are currently under development and do not start to make substantial inroads into the
market in the coming decade.

Figure 3.21 = Global CO; fransport emissions by mode and share of emissions
reductions to 2050 by technology maturity in the NIE

C0; emissions by mode
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Notes: Other road = twofthree wheelers and buses, Shipping and aviation include both domestic and
international operations. See Box 2.4 for details on the maturity categories.

Decarbonisation of the transport sector in the NZE relies on policies to promote modal shifts
and more efficient operations across passenger transport modes (see  sections
2.5.7 and 4.4.3),% as well as improvements in energy efficiency. It also depends on two major
technology transitions: shifts towards electric mobility (electric vehicles [EVs] and fuel cell
electric vehicles [FCEVs])® and shifts towards higher fuel blending ratios and direct use of

* Examples of efficient operations incude: seamless integration of various modes {inter-modatity) and
“Muobility as a Service” In passenger transport; logistics measures in road freight, eg. backhauling, night-time
deliveries, real-time routing: slow steaming in shipping: and air traflic management, e.g. landing and take-off
scheduling in aviation,

YEVs indude battery electric vehices, plug-in hybrid electric-gasoline wehicles and plug-in hybrid electric-diese|
wehicles. FCEVs contain a battery and electric motor and are capable of operating without tallpipe emissions.
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low-carbon fuels (biofuels and hydrogen-based fuels), These shifts are likely to require
interventions to stimulate investment in supply infrastructure and to incentivise consumer
uptake.

Transport has traditionally been heavily reliant on oil products, which accounted for more
than 90% of transport sector energy needs in 2020 despite inroads from biofuels and
electricity (Figure 3.22). In the MZE, the share of oil drops to less than 75% in 2030 and slightly
over 10% by 2050. By the early 2040s, electricity becomes the dominant fuel in the transport
sector worldwide in the NZE: it accounts for nearly 45% of total final consumption in 2050,
followed by hydrogen-based fuels {28%) and bioenergy (16%). Biofuels almost reach a 15%
blending share in oil products by 2030 in road transport, which reduces oil needs by around
4.5 million barrels of cil equivalent per day (mboe/d). Beyond 2030, biofuels are increasingly
used for aviation and shipping, where the scope for using electricity and hydrogen is more
limited. Hydrogen carriers [such as ammonia) and low-emissions synthetic fuels also supply
increasing shares of energy demand in these modes.

Figure 3.22 = Global transport final censumption by fuel type and mode
in the NIE
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Rood vehicles

Electrification plays a central role in decarbonising road vehicles in the NZE. Battery cost
declines of almost 90% in a decade have boosted sales of electric passenger cars by 40% on
average over the past five years. Battery technology is already relatively commercially
competitive, FCEVs start to make inroads in the 2020s in the NZE. The electrification of heawy
trucks moves more slowly due to the weight of the batteries, high energy and power
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requirements required for charging, and limits on driving ranges. But fuel cell heavy trucks
make significant progress, mainly after 2030 (Figure 3.23). The number of battery electric,
plug-in hybrid and fuel cell electric light-duty vehicles {cars and vans) on the world's roads
reaches 350 million in 2030 and almost 2 billion in 2050, up from 11 million in 2020. The
number of electric two/three-wheelers also rises rapidly, from just under 300 million today
to 600 million in 2030 and 1.2 billion in 2050. The electric bus fleet expands from 0.5 million
in 2020 to & million in 2030 and 50 million in 2050,

Figure 3.23 = Global share of battery electric, plug-in hybrid and fuel cell
electric vehicles in total sales by vehicle type in the NZE
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Note: Light-duty wehides = passenger cars and vans; Heavy tracks = medium- and heavy-freight trucks,

Light-duty vehicles are electrified faster in advanced economies over the medium term and
account for around 75% of sales by 2030. In emerging and developing economies, thay
account for about 50% of sales. Almaost all light-duty vehicle sales in advanced cconomies are
battery electric, plug-in hybrid or fuel cell electric by the early 20305 and in emerging and
developing economies by the mid-2030s.

For heawvy trucks that operate over long distances, currently biofuels are the main viable
commercial alternative to diesel, and they play an important role in lowering emissions from
heavy-duty trucks over the 2020s. Beyond 2030, the number of electric and hydrogen-
powered heavy trucks increases in the NZE as supporting infrastructure is built and as costs
decline {lower battery costs, energy density improvements and lower costs to produce and
deliver hydrogen) (IEA, 2020b). This coincides with a reduction in the availability of
sustainable bioenergy, as limited supplies increasingly go to hard-to-abate segments such as
aviation and shipping, though biofuels still meet about 10% of fuel needs for heawvy-duty
trucks in 2050 {see Chapter 2). Advanced economies have a higher market share of battery
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electric and fuel cell electric heawvy-duty trucks sales in 2030, more than twice the level in
emerging market and developing economies, although this gap closes towards 2050,

Figure 3.24 = Heavy frucks distribution by daily driving distance, 2050
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Realising the objectives of the NZE depends on rapid scaling up of battery manufacturing
{eurrent announced production capacity for 2030 would cover anly 50% of required demand
in that year), and on the rapid introduction on the market of next generation battery
technology (solid state batteries) between 2025 and 2030. Electrified road systems using
conductive ar inductive power transfer to provide electricity to trucks offer an alternative for
battery electric and fuel cell electric trucks on long-distance operations, but these systems
too would need rapid development and deployment.

Aviation'®

The NZE assumes that air travel, measured in revenue-passenger kilometres, increases by
only around 3% per year to 2050 relative to 2020, This compares with about around 8% over
the 2010-19 period. The NZE assumes that aviation growth is constrained by comprehensive
government policies that promaote a shift towards high-speed rail and rein in expansion of
long-haul business travel, eg. through taxes on commercial passenger flights (see
section 2.5.2).

Global CO; emissions from aviation rise in the NZE from about 640 Mt in 2020 (down from
around 1 Gt in 2019) to a peak of 950 Mt by around 2025, Emissions then fall ta 210 Mt in
2050 as the use of low-emissions fuels grows. Emissions are hard to abate because aviation

0 Aviation considered here Includes both domestic and International flights. While the focus here is on
commercial passenger aviation, dedicated freight and general (military and private] awiation, which
collectively account for more than 10% of fuel use and emissions, are also incduded in the energy and emissions.
accounting.
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requires fuel with a high energy density, Emissions in aviation comprise just over 10% of
unabated CO:emissions from fossil fuels and industrial processes in 2050,

In the NZE, the global use of jet kerosene declines to about 3 E] in 2050 from 9 Bl in 2020
{and around 14.5 £ In 2019 before the Covid-19 crisis), and its share of total energy use falls
from almost 100% to just over 20%. The use of sustainable aviation fuel [SAF) starts to
increase significantly in the late-2020s, In 2030, around 15% of total fuel consumption in
aviation is SAF, most of which is biojet kerosene (a type of liquid biofuel). This is estimated
tao increase the ticket price for a mid-haul flight (1 200 km) by about USD 3 per passenger. By
2050, biojet kerosene meets 45% of total fuel consumption in aviation and synthetic
hydrogen-based fuels meet about 30%. This is estimated to increase the ticket price for a
mid-haul flight in 2050 by about USD 10 per passenger. The NZE also sees the adoption of
commercial battery electric and hydrogen aircraft from 2035, but they account for less than
2% of fuel consumption in 2050.

Operational improvements, together with fuel efficiency technologies for airframes and
engines, also help to reduce CO; emissions by curbing the pace of fuel demand growth in the
MZE. These improvements are incremental, but revelutionary technologies such as open
rators, blended wing-body airframes and hybridisation could bring further gains and enable
the industry to meet the International Civil Aviation Organization’s (ICAQ) ambitious 2050
efficiency targets (IEA, 2020b).

Maritime shipping™

Maritime shipping was responsible for around 830 Mt CO; emissions worldwide in 2020
(880 Mt COy in 2019), which is around 2.5% of total energy sector emissions. Due to a lack of
available low-carbon options on the market and the long lifetime of vessels (typically
25-35 years), shipping is one of the few transport modes that does not achieve zero
emissions by 2050 in the NZE. NMevertheless, emissions from shipping decline by 6% annually
to 120 Mt COy in 2050,

In the short term, there is considerable potential for curbing fuel consumption in shipping
through measures to optimise operational efficiency and improve energy efficiency. Such
approaches include slow steaming and the use of wind-assistance technologies (IEA, 2020b).
In the medium to long term, significant emissions reductions are achieved in the NZE by
switching to low-carbon fuels such as biofuels, hydrogen and ammonia. Ammonia looks likely
to be a particularly good candidate for scaling up, and a eritical fuel for long-range
transaceanic journeys that need fuel with high energy density.

Ammonia and hydrogen are the main low-carbon fuels for shipping adopted over the next
three decades in the NZE, their combined share of total energy consumption in shipping
reaching around 60% in 2050. The 20 largest ports in the world account for more than half
of global cargo (UNCTAD, 2018); they could become industrial hubs to produce hydrogen and

U paritime shipping here includes both domestic and interaational operations.
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ammonia for use in both chemical and refining industries, as well as for refuelling ships.
Internal combustion engines for ammaonia-fuelled vessels are currently being developed by
two of the largest manufacturers of maritime engines and are expected to become available
on the market by 2024. Sustainable biofuels provide almost 20% of total shipping energy
needs in 2050. Electricity plays a very minor role, as the relatively low energy density of
batteries compared with liguid fuels makes it suitable only for shipping routes of up to
200 km. Even with an 85% increase in battery energy density in the NZE as solid state
batteries come to market, only short-distance shipping routes can be electrified.

Rail

Rail transport is the most enargy-efficient and least carbon-intensive way to move people
and second only to shipping for carrying goods. Passenger rail almost doubles its share of
total transport activity to 20% by 2050 in the NZE, with particularly rapid growth in urban
and high-speed rail [HSR), the latter of which contributes to curbing growth in air travel.
Global CO; emissions from the rail sector fall from 95 Mt CO; in 2020 (100 Mt CO; in 2019)
to almost zero by 2050 in the NZE, driven primarily by rapid electrification,

Figure 3.25 = Global energy consumption by fuel and COgz intensity in
non-road sectors in the NLE
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In the NZE, all new tracks on high-throughput corridors are electrified from now on, while
hydrogen and battery electric trains, which have recently been demonstrated in Europe, are
adopted on rail lines where throughput is too low to make electrification economically viable.
Qil use, which accounted for 55% of total energy consumption in the rail sector in 2020, falls
to almaost zero in 2050: it is replaced by electricity, which provides over 90% of rall enargy
needs and by hydrogen which provides another 5%.
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3.6.2 Key milestones and decision points

Table 3.4 > Key milestones in transforming the global transport sector

Road transport # 2035 nonew passenger internal combustion engine car sates globally

Aviation and + Implementation of strict carbon emissions intensity reduction targets as soon as
shipping possibie,

Category 2020 2030 2050

Road transport

Share of PHEY, BEV and FCEY in sales: cars 5% Gd% 100%
twothree-wheskers 0% 85% 100%
ks £ 60% 106
vans 0% T1% 100%
heawvy trucks 0% 30% 99%

Bicfue! blending in oil products 5% 13% 1%

Rail

Share of electricity and hydrogen in total energy consumption 43% 65% 6%

Activity increase due to modal shift {index 2020=100) 100 100 130

Aviation

Synthetic hydrogen-based fuels share in total aviation energy consumation 0% 2% 33%

Binfuels share in tota! aviation energy consumption 0% 16% 45%

fuoided demand from behaviour measures {index 2020=100) i} 20 38

Shipping

Share in total shipping energy consumption: Ammonia 159 B Ao

Hydrogen 0% 2% 17%
Bioenergy 0% T 1%

Infrastructura

EV puflic charging {millicn units) 1.3 an 200

Hydrogen refueliing units 540 18000 90000

Share of electrified rall ines 345 a7 65%

Note: PHEV = plug-Tn hybrid electric wvehicles; BEV = battery electric vehicles; FCEV = fuel cell electric wehicles,

Electrification is the main option to reduce CO; emissions from road and rail modes, the
technologies are already on the market and should be accelerated immediately, together
with the roll-out of recharging infrastructure for EVs. Deep emission reductions in the hard-
to-abate sectors [heavy trucks, shipping and aviation) reguire a massive scale up of the
required technologies over the next decade, which today are largely at the prototype and
demonstration stages, together with plans for the development of associated infrastructure,
including hydrogen refuelling stations.
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The transformation of transport required to be on track to reduce emissions in line with the
NZE calls for a range of government decisions over the next decade. in the next few years,
all governments need to eliminate fossil fuel subsidies and encourage switching to low-
carbon technologies and fuels across the entire transport sector, Before 2025, governments
need to define clear R&D priorities for all the technologies that can contribute to decarbonise
transport in line with their strategic priorities and needs. Ideally this would be informed by
international dialogue and collaboration, R&D is critical in particular for battery technology,
which should be an immediate priority.

Ta achieve the emissions reductions required by the NZE, governments also need to move
quickly to signal the end of sales of new internal combustion engine cars. Early commitments
would help the private sector to make the necessary investment in new powertrains, relative
supply chains and refuelling infrastructure (see section 4.3.4). This is particularly important
for the supply of battery metals, which require long-term planning {IEA, 2021a).

By 2025, the large-scale deployment of EV public charging infrastructure in urban areas
needs to be sufficiently advanced to allow households without access to private chargers to
opt for EVs. Governments should ensure sustainable business models for companies
installing chargers, remove barriers to planning and construction, and put in place regulatory,
fiscal and technological measures to enable and encourage smart charging, and to ensure
that EVs support electricity grid stability and stimulate the adoption of variable renewables
IEA, 2021b).

Far heavy trucks, battery electric trucks are just beginning to become available on the
market, and fuel cell electric technologies are expected to come to market in the next few
years. Working in collaboration with truck manufacturers, governments should take steps in
the near term to prioritise the rapld commercial adoption of battery electric and fuel cell
electric trucks. By 2030, they should take stock of the competitive prospects for these
technologies, 50 as to focus R&D on the most important challenges and allow adequate time
for stratepie infrastructure deployment, thus paving the way for large-scale adoption during
the 2030s.

Governments need to define their strategies for low-carbon fuels in shipping and aviation by
2025 at the latest, given the slow turnover rate of the fleets, after which they should rapidly
implement them. International co-operation and collaboration will be crucial to success,
Priarity action should target the most heavily used ports and airports 50 as to maximise the
impact of initial investment. Harbours near industrial areas are ideally placed to become low-
carbon fuel hubs,
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Bex 3.2 = What would be the implications of an all-electric approach te
emisslons reductions in the road fransport sector?

The use of a variety of fuels in road transport is a core component of the NZE. However,
governments might want to consider an all-electric route to eliminate CO; emissions from
transport, especially if other technologies such as FCEVs and advanced biofuels fail to
develop as projected. We have therefore developed an All-Electric Case which looks at
the implications of electrifying all road vehicle medes. In the NZE, decarbonisation of road
transport occurs primarily via the adoption of plug-in hybrid electric vehicles (PHEVs),
battery electric vehicles {BEVs), fuel cell electric vehicles [FCEVs) and advanced biofuels.
The All-Electric Case assumes the same rate of road transport decarbonisation as the NZE,
but achieved via battery electric vehicles alone.

The All-Electric Case depends on even further advances in battery technologies than the
NZE that lead to energy densities of at least 400 Watt hours per kilogramme (Wh/kg) by
the 20305 at costs that would make BEV trucks preferable to FCEV trucks in long-haul
operations. This would mean 30% more BEVs [an additional 350 million) on the road in
2030 than in the NZE. Over sixty five million public chargers would be needed to support
the vehicles, requiring a cumulative investment of around USD 300 billion, 35% higher
than the NZE. This would require faster expansion of battery manufacturing. The annual
global battery capacity additions for BEVs in 2030 would be almost 9 Twh, requiring
80 giga-factories (assuming 35 GWh per year output) more than in the NZE, or an average
of over two per month from now to 2030.

The increased use of electricity for road transport would also create additional challenges
for the electricity sector. The total electricity demand for road transport (11 000 TWh or
15% of total electricity consumption in 2050), would be roughly the same in both cases,
when account is taken of demand for electrolytic hydrogen. However, the electrolytic
hydrogen in the NZE can be produced flexibly, in regions and at times with surplus
renewables-based capacity and from dedicated (off-grid) renewable power. Peak power
demand in the All-Electric Case, taking into consideration the flexibility that enables
smart charging of cars, is about one-third (2 000 GW) higher than in the NZE, mainly due
to the additional evening/overnight charging of buses and trucks. If not coupled with
energy storage devices, ultra-fast chargers for heavy-duty vehicles could cause additional
spikes in demand, putting even more strain on electricity grids.

While full electrification of road transport is possible, it could invelve additional
challenges and undesirable side effects. For example, it could increase pressure on
electricity grids, requiring significant additional investment, and increasing the
vulnerability of the transport system to power disruptions. Fuel diversification could
bring benefits in terms of resilience and energy security.
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Figure 3.26 = Global electricity demand and battery capacity for road
transport in the NIE and the All-Electric Case

Electricity demand On-road battery capacity
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3.7 Buildings
3.7.1 Energy and emission trends in the Net-Zero Emissions Scenario

Floor area in the buildings sector worldwide is expected to increase 75% between 2020 and
2050, of which 80% is in emerging market and developing economies. Globally, floor area
equivalent to the surface of the city of Paris is added every week through to 2050, Moreover,
buildings in many advanced economies have long lifetimes and around half of the existing
buildings stock will still be standing in 2050, Demand for appliances and cooling equipment
continues to grow, especially in emerging market and developing economies where
650 million air conditioners are added by 2030 and another 2 billion by 2050 in the NZE,
Despite this demand growth, total CO; emissions from the buildings sector decline by more
than 95% from almost 3 Gtin 2020 to around 120 Mt in 2050 in the NZE.™

Energy efficiency and electrification are the two main drivers of decarbonisation of the
buildings sectorin the NZE (Figure 3.27). That transformation relies primarily on technologies

2 Al OOy emissions in this section refer to direct CO3 emissions unless otherwise specified. The NZE also
pursues reductions in emissions linked to construction materials used in buildings, These embodied emissions
are cut by 40% per square metre of new floor area by 2030, with material efficiency strategies cutting cement
and steel use by 50% by 2050 relative to today through measures at the design, construction, use and end-of-
life phases,
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already available on the market, including improved envelopes for new and existing
buildings, heat pumps, energy-efficient appliances, and bioclimatic and material-efficient
building design. Digitalisation and smart controls enable efficiency gains that reduce
emissions from the buildings sector by 350 Mt CO; by 2050. Behaviour changes are also
impartant in the NZE, with a reduction of almost 250 Mt CO: in 2030 reflecting changes in
temperature settings for space heating or reducing excessive hot water temperatures.
Additional behaviour changes such as greater use of cold temperature clothes washing and
line drying, facilitate the decarbonisation of electricity supply. There is scope for these
reductions to be achieved rapidly and at no cost.

Figure 3.27 = Global direct COz emissions reductions by mitigation measure in
buildings in the NIE
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Rapid shifts to zero-carbon-ready technologies see the share of fossil fuels in energy demand
in the buildings sector drop to 30% by 2030, and to 2% by 2050 in the NZE. The share of
electricity in the energy mix reaches almaost 50% by 2030 and 66% by 2050, up from 33% in
2020 (Figure 3.28). All end-uses today dominated by fossil fuels are increasingly electrified in
the NZE, with the share of electricity in space heating, water heating and cooking increasing
from less than 20% today to more than 40% in 2050. District energy networks and low-carbon
gases, including hydrogen-based fuels, remain significant in 2050 in regions with high heating
needs, dense urban populations and existing gas or district heat networks. Bioenergy meets
nearly one-guarter of overall heat demand in the NZE by 2050, over 50% of bioenergy use is
for cooking, nearly all in emerging market and developing economias, where 2.7 billion
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people gain access to elean cooking by 2030 in the NZE. Space heating demand drops by two-
thirds between 2020 and 2050, driven by improvement in energy efficiency and behavioural
changes such as the adjustment of temperature set points.

Figure 3.28 = Global final energy consumpfien by fuel and end-use
application in bulldings in the NZE
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Zero-carbon-ready buildings

The NZE pathway for the buildings sector requires a step change improvement in the energy
efficiency and flexibility of the stock and a complete shift away from fossil fuels. To achieve
this, more than 85% of buildings need to comply with zero-carbon-ready building energy
codes by 2050 (Box 3.4). This means that mandatory zero-carbon-ready bullding energy
cades for all new buildings need to be intreduced in all regions by 2030, and that retrofits
need to be carried out in most existing buildings by 2050 to enable them to meet z2ero-
carbon-ready building energy codes.

Retrofit rates increase from less than 1% per year today to about 2.5% per year by 2030 in
advanced economies: this means that around 10 million dwellings are retrofitted every year.
In emerging market and developing economies, building lifetimes are typically lower than in
advanced economies, meaning that retrofit rates by 2030 in the NZE are lower, at around 2%
per year. This requires the retrofitting of 20 million dwellings per year on average to 2030,
To achieve savings at the lowest cost and to minimise disruption, retrofits need to be
comprehensive and one-off.
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Box 3.4= Towards zere-carbon-ready bulldings

Achieving decarbonisation of energy use in the sector reguires almost all existing
buildings to undergo a single in-depth retrofit by 2050, and new construction to meeat
stringent efficiency standards. Building energy codes covering new and existing buildings
are the fundamental policy instrument to drive such changes. Building energy codes
currently exist or are under development in only 75 countries, and cades in around 40 of
these countries are mandatory for both the residential and services sub-sectors. In the
NZE, comprehensive zero-carbon-ready building codes are implemeanted in all countries
by 2020 at the latest.

What is a zero-carbon-ready building?

A zero-carbon-ready building is highly energy efficient and either uses renewable energy
directly, or uses an energy supply that will be fully decarbonised by 2050, such as
electricity or district heat. This means that a zero-carbon-ready building will become a
zero-carbon building by 2050, without any further changes to the building or its
equipment.

Zero-carbon-ready buildings should adjust to user needs and maximise the efficient and
smart use of energy, materials and space to facilitate the decarbonisation of other
sectors, Key considerations include:

B Scope. Zero-carbon-ready building energy codes should cover building operations
[scope 1 and 2) as well as emissions from the manufacturing of building construction
materials and components (scope 3 or embodied carbon emissions).

B Energy use, Zero-carbon-ready energy codes should recognise the important part
that passive design features, building envelope improvements and high energy
performance equipment play in lowering energy demand, reducing both the
operating cost of buildings and the costs of decarbonising the energy supply.

®  Energy supply. Whenever possible, new and existing zero-carbon-ready buildings
should integrate locally available renewable resources, e.g. solar thermal, solar PV,
PV thermal and geothermal, to reduce the need for utility-scale energy supply.
Thermal or battery energy storage may be needed to support local energy
generation.

®  Integration with power systems. Zerc-carbon-ready building energy codes need
buildings to become a flexible resource for the energy system, using connectivity
and automation to manage building electricity demand and the operation of energy
storage devices, including EVs.

B Buildings and construction value chain, Zero-carbon-ready building energy codes
should alse target net-zero emissions from material use in buildings. Material
efficiency strategies can cut cement and steel demand in the buildings sector by
more than a third relative to baseline trends, and embodied emissions can be further
reduced by more robust uptake of bio-sourced and innovative construction
materials.
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Heating and cooling

Building envelope improvements in zero-carbon-ready retrofit and new buildings account for
the majority of heating and cooling energy intensity reductions in the NZE, but heating and
coaling technology also makes a significant contribution. Space heating is transformed in the
MEE, with homes heated by natural gas falling from nearly 30% of the total today to less than
0.5% in 2050, while homes using electricity for heating rise from nearly 20% of the total today
to 35% in 2030 and about 55% in 2050 (Figure 3.29). High efficiency electric heat pumps
become the primary technology choice for space heating in the NZE, with worldwide heat
pump installations per month rising from 1.5 million today to around 5 million by 2030
and 10 million by 2050. Hybrid heat pumps are also used in some of the coldest climates, but
meet no more than 5% of heating demand in 2050.

Figure 3.29 = Global building and heating equipment stock by type and useful
space healing and cocling demand intensity changes in the NIE
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Mot all buildings are best decarbonised with heat pumps, however, and bicenergy boilers,
solar thermal, district heat, low-carbon gases in gas networks and hydrogen fuel cells all play
a role in making the global building stock zero-carbon-ready by 2050. Bioenergy meets 10%
of space heating needs by 2020 and more than 20% by 2050, Solar thermal is the preferred
renewable technology for water heating, especially where heat demand is low; In the NZE it
meets 35% of demand by 2050, up from 7% today. District heat networks remain an
attractive option for many compact urban centres where heat pump installation is
impractical, in the NZE they provide more than 20% of final energy demand for space heating
in 2050, up from a little over L0% today.
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There are no new coal and cil boilers sold globally from 2025 in the NZE. Sales of gas boilers
fall by mare than 40% from current levels by 2030 and by 90% by 2050, By 2025 in the NZE,
any gas boilers that are sold are capable of burning 100% hydrogen and therefore are zero-
carbon-ready. The share of low-carbon gases (hydrogen, biomethane, synthetic methane) in
gas distributed to buildings rises from almost zero to 10% by 2030 to above 75% by 2050.

Buildings that meet the standards of zero-carbon-ready building energy codes drive down
the nead not anly for space heating but also for space cooling = the fastest growing end-use
in buildings since 2000. Space cooling represented only 5% of total buildings energy
consumption worldwide in 2020, but demand for cooling is likely to grow strongly in the
coming decades with rising incomes and a hotter climate. In the NZE, 60% of households
have an air conditionerin 2050, up from 35% in 2020. High-performance building envelopes,
including bioclimatic designs and insulation, can reduce the demand for space cooling by
30-50%, while providing greater resilience during extreme heat events. In the NZE, electricity
demand for space cooling grows annually by 1% to reach 2 500 TWh in 2050, Without
2 000 TWh of savings from residential building envelope improvements and higher efficiency
equipment, space cooling demand would be almaost twice as high.

Applionces and lighting

Electric appliances and lighting become much more efficient over the next three decades in
the NZE thanks to policy measures and technical advances. By 2025 in the NZE, over 80% of
all appliances and air conditioners sold in advanced economies are the best available
technologies today in these markets, and this share increases to 100% by the mid-2030s. In
emerging market and developing economies, which account for over half of appliances and
air conditioners by 2050, the NZE assumes a wave of policy action over the next decade which
leads to 80% of equipment sold in these markets in 2020 being as efficient as the best
available technalogies in advanced economies today, increasing to close to 100% by 2050
|Figure 3.30). The share of light-emitting diode (LED) lamps in total lightbulb sales reaches
100% by 2025 in all regions. Minimum energy performance standards are complemented by
requirements for smart control of appliances to facilitate demand-side response in all
regions.

Energy use in buildings will be increasingly focused on electric, electronic and connected
equipment and appliances. The share of electricity in energy consumption in buildings rises
from 33% in 2020 to around two-thirds in 2050 in the NZE, with many buildings incorporating
decentralised electricity generation using local solar PV panels, battery storage and EV
chargers. The number of residential buildings with selar PV panels increases from 25 million
to 240 million over the same period. In the NZE, smart control systems shift flexible uses of
electricity in time to correspond with generation from local renewables, or to provide
flexibility services to the power system, while optimised home battery and EV charging allow
houschalds to interact with the grid, These developments help improve electricity supply
security and lower the cost of the energy transition by making it easier and cheaper to
integrate renewables into the system.
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Figure 3.30 = Glokal change in electricity demand by end-use in the buildings
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3.7.2 Key milestones and decision points

Table3.5= Key milestones in fransforming global buildings sector

MNew buildings * From 2030 all new buildings are gero-carbon-ready.

Existing buildings  + From 2030: 2.5% of buitdings are retrofitted to be zero-carbon-ready each year.

Category 2030 2050

Buildings

Share of existing buildings retrafitted to the zero-carbon-ready level <1% 20% >B3%
Share of zero-carbon-ready new buildings construction oo 100% 100%
Heating and cooling

Stock of heat pumps {million units) 150 &00 1800
Mitlion dwellings using solar thermal 250 400 1 z00
Avoided residential energy demand from behaviowr LE T 12% 14%
Appliances and lighting

Apnliances: unit energy consumption (index 2020=100) 100 75 (1]
Lighting: share of LED in sales 50% 100% 100%
Energy access

Population with access to electricity (billion pecpie] 7.0 85 a7
Population with access to clean cooking (billion people) 31 85 9.7
Energy infrastructure in buildings

Distriouted sotar P generation (TWh) 3o 2200 7500
EV private chargers {million wnits) 270 1400 3500
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Near-term government decisions are required for energy codes and standards for buildings,
fossil fuel phase out, use of low-carbon gases, acceleration of retrofits and financial
incentives to encourage investment in building sector energy transitions. Decisions will be
most effective if they focus on decarbonising the entire value chain, taking into accaunt not
anly buildings but also the energy and infrastructure networks that supply them, as well as
wider considerations including the role of the construction sector and urban planning. Such
decisions are likely to bring wider benefits, notably in reducing fuel poverty.

Mear-term government action is needed to ensure that zero-carbon-ready buildings become
the new norm across the world before 2030 for both new construction and retrofits. This
requires governments to act before 2025 to ensure that zero-carbon-ready compliant
building energy codes are implemented by 2030 at the latest. While this goal applies to all
regions, ways to achieve zero-carbon-ready buildings vary significantly across regions and
climate zones, and the same is true for heating and cooling technology strategies.
Governments should consider paving the way by making public buildings zero-carbon-ready
in the caming decade.

Governments will need to find ways to make new zero-carbon-ready buildings and retrofits
affordable and attractive to owners and occupants by overcoming financial barriers,
addressing split incentive barriers and minimising disruption to building use. Building energy
performance certificates, green lease agreements, green bond financing and pay-as-you save
models could all play a part.

Making zero-carbon-ready building retrofits a central pillar of economic recovery strategies
in the early 20205 is a no-regrets action to jumpstart progress towards a rero-emissions
building sector. Foregoing the opportunity to make energy use in buildings more efficient
would drive up electricity demand linked to electrification of energy use in the buildings
sector and make decarbonising the energy system significantly more difficult and more costly
(Box 3.5).

Box 3.5= What would be the impact of global retrofit rates net rising to 2.5%7

Decarbonising heating in existing buildings in the NZE rests upon a deep retrofit of the
majority of the existing building stock. Having almost all buildings meet
zero-carbon-ready building energy codes by 2050 would require retrofit rates of 2.5%
each year by 2030, up from less than 1% today. Retrofits can be disruptive for occupants,
require high upfront investment and may face permitting difficulties. These issues make
achieving the required pace and depth of retrofits in the coming years the biggest
challenge facing the buildings sector.

Any delay in reaching 2.5% of annual retrofits by 2030 would require such a steep
subsequent ramp up as to make retrofitting the vast majority of buildings by 2050
virtually impossible. Modelling indicates that a delay of ten years in the acceleration of
retrofitting, would increase residential space heating energy demand by 25% and space

148 International Energy Agency | Speciol Report



caoling demand by more than 20%, translating to a 20% increase in electricity demand in
2050 relative to the NZE (Figure 3.31). This would put more strain on the power sector,
which would need to install more low-carbon generation capacity. Policies and fuel
switching would still drive down fossil fuel demand in the Delayed Retrofit Case, but an
additional 15 EJ of fossil fuels would be burned by 2050, emitting 1 Gt of CO;.

Figure 2.31 = Global residential space heating and cooling energy
demand in the NIE and Delayed Refrofit Case
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Governments need to establish policies for coal and oil boilers and furnaces for space and
water heating, which in the NZE are no longer available for sale from 2025. They also need
to take action to ensure that new gas boilers are able to operate with low-carbon gases
{hydrogen ready) in decarbonised gas networks. This puts a premium on the availability of
compelling alternatives to the types of boilers being phased out, including the use of heat
purmps, efficient wood stoves (using sustainable supplies of wood), district energy, solar PV,
salar thermal and other renewable energy technologies. Which alternatives are best will
depend to some extent on local conditions, but electrification will be the most energy-
efficient and cost-effective low-carbon option in most cases, and decarbonising and
expanding district energy networks is likely to make sense where densities allow. The use of
biemethane or hydrogen in existing or upgraded gas networks may be the best option in
areas where more efficient alternatives are not possible,

Governments also face decisions on minimum energy performance standards [MEPS). The
NZE sees all countries introduce MEPS for all main appliance categories set at the most
stringent levels prevailing in advanced economies by 2025 at the latest. Among others, this
would mean ending the sale ofincandescent, halogen and compact fluorescent lamps by that
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timea, Setting MEPS at the right level will require careful planning; international collaboration
to align standards and objectives could play a helpful role in keeping costs down.

The systemic nature of the NZE means that strategies and policies for buildings will work best
if they are aligned with those being adopted for power systems, urban planning and maobility.
This would help to ensure the successful scaling up of building-integrated PV technologies,
battery storage and smart controls to make buildings active service providers to grids, It
would also help to foster the deployment of smart EV charging infrastructure. Paolicies
incentivising dense and mixed-use urban planning coupled with easy access to local services
and public transport could reduce reliance on personal vehicles (see Chapter 2). There are
also links between buildings strategies and measures to reduce the embodied carbon
emissions of new construction, which falls by 95% by 2050 in the NZE.
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Chapter 4

Wider implications of achieving net-zero emissions

SUMMARY

® Economy: In our Net-Zero Emissions by 2050 Scenario (NZE), global CO: emissions
reach net zero by 2050 and investment rises across electricity, low-emissions fuels,
infrastructure and end-use sectors. Clean energy employment increases by 14 million
to 2030, but employment in oll, gas and coal declines by around 5 million. There are
varying results for different regions, with job gains not always occurring in the same
place, or matching the same skill set, as job losses. The increase in jobs and investment
stimulates economic output, resulting in a net increase in global GOP to 2030. But oil
and gas revenues in producer economies are 80% lower in 2050 than in recent years
and tax revenues from retail oil and gas sales in importing countries are 90% lower.

@ Energy industry: There is a major contraction in fossil fuel production, but companies
that produce these fuels have skills and resources that could play a key role in
developing new low-emissions fuels and technolagies. The electricity industry scales
up to meet demand rising over two-and-a-half-fold to 2050 and becomes more capital
intensive, focusing on renewables, sources of flexibility and grids. Large energy-
consuming companies, vehicle manufacturers and their suppliers adjust designs and
retool factaries while improving efficiency and switching to alternative fuel supplies.

® Forcitizens who lack access to electricity and clean cooking, the N2E delivers universal
access by 2030, This costs around USD 40 billion a year over the next decade and adds
less than 0.2% to CO; emissions. For citizens the world over, the NZE brings profound
changes, and their active support is essential If it is to succeed. Around three-guarters
of behavioural changes in the NZE can be directly influenced or mandated by
government policies. The cost of energy is also an important issue for citizens, and the
proportion of disposable household income spent on energy over the period to 2050
remains stable in emerging market and developing economies, despite a large
increase in demand for modern energy services,

+ Government action is central to achieve net-zero emissions globally by 2050; it
underpins the decisions made by all other actors. Four particular points are worth
stressing. First, the NZE depends on actions that go far beyond the remit of energy
ministers, and réquires a co-ordinated cross-government approach. Second, the fall
in oil and gas demand in the NZE may reduce some traditional energy security risks,
but they do not disappear, while potential new vulnerabilities emerge from increasing
reliance on electricity systems and critical minerals, Third, accelerated innovation is
needed. The emissions cuts to 2030 in the NZE can be mostly achieved with
technologies on the market today, but almost half of the reductions in 2050 depend
on technologies that are currently under development. Fourth, an unprecedented
level of international co-operation is needed. This helps to accelerate innovation,
develop international standards and facilitate new infrastructure to link national
markets. Without the co-operation assumed in the NZE, the transition to net-zero
emissions would be delayed by decades.
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4.1 Introduction

Achieving net-zero emissions by 2050 is a monumental task, especially against a backdrop of
increasing economic and population growth. It calls for an unwavering focus from all
governments, working together with industries and citizens, to ensure that the transition to
global net-zero emissions proceeds in a co-ordinated way without delay. In this chapter, we
lock at what the changes that deliver net-zero emissions globally by 2050 in the NZE would
mean for the economy, the energy industry, citizens and governments.

Figure 4.1= Selected global milestones for policles, infrastructure and
technology deployment in the NIE
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Wide-ranging measures and regulations in the NZE help to influence or change the purchases
that individuals make, the way they heat and cool their homes, and their means of transport.
Many industries, especially those that are currently involved in the production of energy or
are large-scale users of energy, also face change. Some of the shifts for individuals and
industries may be unpopular, underscoring the fact that it is essential to ensure that the
energy transition is transparent, just and cost-effective, and to persuade citizens of the need
for reform. These changes deliver significant benefits. There are around 790 million people
who do not have access to electricity today and 2.6 billion people who do not have access to
clean cooking options. The NZE shows how emissions reductions can go hand-in-hand with
efforts to provide universal access to electricity and clean cooking, and to improve air quality.
It provides significant opportunities too, with clean energy technologies providing many new
business opportunities and jobs, and with innovations that stimulate new industrial
capacities.

Underpinning all of these changes are decisions taken by governments. This will require
whaolehearted buy-in from all levels of government and from all countries. The magnitude of
the changes required to reach global net-zero emissions by 2050 are not within the power of
government energy or environment departments alone to deliver, nor within the power of
individual countries. It will involve an unprecedented level of global collaboration, with
racognition of and sensitivity to differences in the stages of development of individual
countries, and an appreciation of the difficulties faced by particular communities and
members of society, especially those who may be negatively affected by the transition to
net-zero emissions. In the NZE, povernments start by setting unequivocal long-term targets,
ensuring that these are fully supported from the outset by explicit, near-term targets and
policy measures that clearly set out the pathway, and that recognise each country’s unique
starting conditions, to support the deployment of new infrastructure and technologies
|Figure 4.1).

4.2 Economy
4.2.1 Investment and financing

The transition to net-zero emissions by 2050 requires a substantial ramp up in the investment
of electricity, infrastructure and the end-use sectors. The largest increase over the next
decade is in electricity generation: annual investment increases from about USD 0.5 trillion
over the past five years to USD 1.8 trillion in 2030 (Figure 4.2). By 2030, annual investment
in renewables in the electricity sector is around USD 1.3 trillion, slightly more than the
highest level ever spent on fossil fuel supply (USD 1.2 trillion in 2014). Annual investment in
clean energy infrastructure increases from around USD 290 billion over the past five years to
about USD 880 billion in 2030, This is for electricity networks, public electric vehicle (EV)
charging stations, hydrogen refuelling stations and impart and export terminals, direct air
capture and CO; pipelines and storage facilities. Annual investment in low-carbon
technologies in end-use sectors rises from USD 530 billion in recent years to USD 1.7 trillion
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in 2020.* This includes spending on deep retrofitting of buildings, transformation of industrial
processes, and the purchase of new low-emissions vehicles and maore efficient appliances.

After 2030, annual electricity generation investment falls by one-third to 2050, A lot of
infrastructure for a low-emissions electricity sector is established within the first decade of
the NZE, and the cost of renewables continues to decline after 2030, In end-use sectors, there
are continued increases in investment in EVs, carbon capture, utilisation and storage (CCUS)
and hydrogen use in industry and transport, and more efficient buildings and appliances.

Global investment in fossil fuel supply falls steadily from about USD 575 billion on average
over the past five years to USD 110 billion in 2050 in the NZE, with upstream fossil fuel
investment restricted to maintaining production at existing oil and natural gas fields, This
investment reflects the fact that fossil fuels are still used in 2050 in the NZE in processes
where they are paired with CCUS, in non-emitting processes (such as petrochemical
manufacturing), and in sectors where emissions reductions are most challenging (with
emissions offset by carbon dioxide removal). Investment in low-emissions fuels increases
mare than thirty-fold between 2020 and 2050, reaching about USD 135 billion in 2050. This
is split roughly equally between the production of hydrogen and hydrogen-based fuels, and
the production of biofuels.

Over the 2021-50 period in the NZE, annual average total energy sector investment as a share
of gross domestic product (GDP) is around 1% higher than over the past five years, The
private sector is central to finance higher investment needs. It requires enhanced
collaboration between developers, investors, public financial institutions and governments.
Collaboration will be especially important over the next five to ten years for the developmant
of large infrastructure projects and for technologies in the demonstration or prototype phase
taday such as some hydrogen and CCUS applications. Companies and investors have declared
strong interest to invest in clean energy technologies, but turning interest into actual
investment at the levels required in the NZE also depends on public policies.

Some obstacles to investment need to be tackled. Many emerging market and developing
economies are reliant on public sources to finance energy projects and new industrial
facilities. In some cases, improvements in regulatory and poficy frameworks would facilitate
the international flow of long-term capital to support the development of both new and
existing clean energy technologies. The rapid growth ininvestment in transport and buildings
in the NZE presents a different kind of challenge for policy makers. In many cases, an increase
in capital spending for an efficient appliance or low-emissions vehicle would be more than
aoffset by lower expenditure on fuels and electricity over the product lifetime, but some
low-income households and small and medium enterprises may not be able to afford the
upfrent capital required.

P investment levels presented in this report incude a broader accounting of efficlency improvements in
buildings and differ from that reported in the IEA World Energy Investment report {IEA, 2020a). End-use
efficiency investments are the incremental cost of improving the energy performance of equipment relative
to a comventional design.
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Figure 4.2 > Global average annual energy investiment needs by sector and
techneology in the NZE
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4.2.2 Economic activity

The energy transition required for net-zero emissions by 2050 will affect all economic
activities directly or indirectly. In co-ordination with the International Monetary Fund, we
have modelled the medium-term global macroeconomic impact of the changes in the energy
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sector that occur in the NZE. This analysis shows that the surge in private and government
spending on clean energy technologies in the NZE creates a large number of jobs and
stimulates economic output in the engineering, manufacturing and construction industries.
This results in annual GDP growth that is nearly 0.5% higher than the levels in the Stated
Policies Scenario [STEPS)® during latter half of the 2020s [Figure 4.3).°

Figure 4.3 = Change in annual growth rate of global GDP in the NIE relative

to the STEPS
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Source! IEA analysis based on IMF.

There are large differences in macroeconomic impacts between regions, The decline in fossil
fuel use and prices results in a fall in GDP in the producer economies,® where revenues from
oil and gas sales often cover a large share of public spending on education, health care and
othar public services, The drop ineil and gas demand, and the consequent fall in international
prices for oil and gas, cause net income in producer economies to drop to historic lows
|Figure 4.4). Some countries with the lowest cost oil resources {including members of the

! Thee IEA Stated Polices Scenario is the projection for the global energy system based on the policies and
measures that governments around the world have already put in place and on announced polices as
expressed in official targets and plans, such as Nationally Determined Contributions put forward under the
Paris Agree ment {see Chapter 1).

! The estimated peneral equiliorium macreeconomic impact of the increase in public and private investment
and the reduction in oil-refated revenue contained in the NZIE has been provided by the International
Menetary Fund using its Global Integrated Monetary and Fiscal Mode! {GIMF).

* Producer economies are large oil and gas exporters that rely on hydrocarbon revenues to finance a significant
proportion of their national budgets, including countries in the Middle East, Russia and the Caspian region,
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Organization of the Petroleum Exporting Countries [OPEC]) gain market share in these
circumstances, but even they would see large falls in revenues. Structural reforms would be
needed to address the societal challenges, including those to accelerate the process of
reforming inefficient fossil fuel subsidies and to speed up moves to use hydrocarbon
resources to produce low-emissions fuels, e.g. hydrogen and hydrogen-based fuels [see
section 4.3.1).

Figure 4.4 Income from oil and gas sales in producer economies in the NIE
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The macroeconomic effects of the NZE are very uncertain, They depend on a host of factars
including: how government expenditure is financed; benefits from improvements to health;
changes in consumer bills; broad impact of changes in consumer behaviour; and potential
for productivity spill-overs from accelerated energy innovation. Nonetheless, impacts are
likely to be lower than assessments of the cost of climate change damages (QECD, 2015). It
is also likely that a co-ordinated, orderly transition can be executed without major global
systemic financial impacts, but this will require close attention from governments, financial
regulators and the corporate sector.

4.2.3 Employment

Employment in the energy sector shifts markedly in the NZE in response to changes in
investment and spending on energy. We estimate that today roughly 40 million people
around the world work directly in the oil, gas, coal, renewables, bioenergy and energy
netwark industries (EA, 2020b). In the NZE, clean energy employment increases by 14 million
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to 2030, while employment in oil, gas and coal fuel supply and power plants declings by
around 5 million, leading to a net increase of nearly 9 million jobs (Figure 4.5).

Figure 4.5= Global energy sector employment in the NIE, 201%-2030
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Jobs created would not necessarily be in the same area where jobs are lost, plus the skill sets
required for the clean energy jobs may not be directly transferable. Job losses would be most
pronounced in communities that are heavily dependent on fossil energy production or
transformation activities. Even where the number of direct energy jobs lost is small, the
impact an the local economy may be significant, Government support would almost certainly
be needed to manage these transitions in a just, people-centred way. In preparation, a better
understanding of current energy industry employment is needed. A useful action would be
for governments to adopt more detailed surveying approaches for energy industry
employment, such as those used in the US Energy & Employment Report [NASEC and Energy
Futures Initiative, 2021).

In addition to the 14 million new clean energy jobs created in the NZE, other new jobs are
created by changes in spending on maore efficient appliances, electric and fuel cell vehicles,
and building retrofits and energy-efficient construction. These changes would require a
further 16 million workers, meaning that there would be 20 million more people working in
clean energy, efficiency and low-emissions technologies by 2030 in the NZE (Figure 4.6).%
Investment in electricity generation, electricity networks, EV manufacturing and energy
efficiency are among the areas that will open up new employment opportunities, For
example, jobs in solar and wind more than quadruple in the NZE over current levels. Mearly
two-thirds of workers in these sectors by 2030 in the NZE would be highly skilled and the

*This includes new jobs and jobs filled by moving current employment from one type of production to another,
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majority require substantial training. In addition, with the more than doubling of total energy
investment, new employment opportunities will arise in associated areas such as wholesale
trading, financial and legal services.

In many cases it may be possible to shift workers to new product lines within the same
company, for example in vehicle manufacturing as production reconfigures to EVs. However,
there would be larger risks for specialised supply chain companies that provide products and
services, e.g. internal combustion engines that are replaced by new components such as

batteries.

Figure 4.6 > New workers in clean energy and related sectors and shares by
skill level and occupation in the NIE and the STEPS in 2030
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The new jobs created in the MZE tend to have more geographic flexibility and a wider
distribution than is the case today. Around 40% are jobs located close to where the work is
being done, e.g. building efficiency improvements or wind turbine installation, and the
remaining are jobs tied to manufacturing sites. Today the manufacturing capacity for a
number of clean energy technologies, such as batteries and solar photovoltaic panels, is
concentrated in particular areas, notably China. The rapid increase in demand for clean
energy technologies in the NZE requires new production capacity to come online that could
be located in any region. Those countries and companies that move first may enjoy strategic
advantages in capturing burgeoning demand.
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4.3 Energy industry
4.3.1 0Oiland gas

The energy transition envisioned in the NZE involves a major contraction of oil and gas
praduction with far-reaching iImplications for all the companies that produce these fuels. Ol
demand falls from around 90 million barrels per day (mb/d}in 2020 to 24 mb/d in 2050, while
natural gas demand falls from 3 900 billion cubic metres (bem) to around 1 700 bem. No fossi|
fuel exploration is required in the NZE as no new oil and natural gas fields are required
beyond those that have already been approved for development. This represents a clear
threat to company earnings, but there are also opportunities. The resources and skills of the
oil and gas industry are a good match with some of the new technologies needed to tackie
emissions in sectors where reductions are likely to be most challenging, and to produce some
of the low-emissions liguids and gases for which there is a rapid increase in demand in the
MEE [see Chapter 2). By partnering with governments and other stakeholders, the oil and gas
industry could play a leading role in developing these fuels and technologies at scale, and in
establishing new business models.

The ail and gas industry is highly diverse, and various companies could pursue very differant
strategies in the transition to net-zero emissions. Minimising emissions from core oil and gas
aperations however should be a first-order priority for all cil and gas companies. This
includes tackling methane emissions that eceur during operations [they fall by 75% between
2020 and 2030 in the NZE) and eliminating flaring. Companies should also electrify operations
using renewable electricity wherever possible, either by purchasing electricity from the grid
ar by integrating off-grid renewable energy sources into upstream facilities or transport
infrastructure. Producers that can demonstrate strong and effective action to reduce
emissions can credibly argue that their oil and gas resources should be preferred over higher
emissions options.

Some cil and gas companies may choose to become "energy companies” focused on low-
emissions technologies and fuels, including renewable electricity, electricity distribution, EV
charging and batterics. Several technologies that are critical to the achievement of net-zero
emissions, such as CCUS, hydrogen, bicenergy and offshore wind, look especially well-suited
to some of the existing skills, competencies and resources of oil and gas companies,

®  Carbon capture, utilisation and storage. The oil and gas industry is already the global
leader in developing and deploying CCUS. Of the 40 million tonnes (Mt) of CO; captured
today at large-scale facilities, around three-guarters is captured from oil and gas
operations, which often produce concentrated streams of CO; that are relatively easy
and cost effective to capture (IEA, 2020c), The oil and gas industry also has the large-
scale engineering, pipeline, sub-surface and project management skills and capabilities
to handle large volumes of CO; and to help scale up the deployment of CCUS.
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®  Low-emissions hydrogen and hydrogen-based fuels. Qil and gas companies could
contribute to developing and deploying low-emissions hydrogen in several ways
(IEA, 2019a). Mearly 40% of hydrogen production in 2050 in the NZE is from natural gas
in facilities equipped with CCUS, providing an important opportunity for companies and
countries to utilise their natural gas resources in a way that is consistent with net-zero
emissions. Of the total output of 530 Mt of hydrogen in 2050, about 30% is processed
into ammonia and synthetic fuels [equivalent to around 7.5 mboe/d). The
transformation processes involved have many potential synergies with the skills and
equipment used in oil and gas processing and refining. 0il and gas companies also have
long experience of transporting liguids and gases by pipeline and ships.

B Advanced biofuels and biemethane. The production of advanced biofuels grows
substantially in the NZE, but this depends critically on continued technological
innavation. Many oil and gas companies have active R&D programmes in these areas
and could become leading producers. Biomethane — a low-emissions alternative to
natural gas — can be produced In large centralised facilities, which could be a good fit
with the knowledge and technical expertise of existing gas producers {IEA, 2020d).

B Offshore wind. About 40% of the lifetime costs of a standard offshore wind project
involve significant synergies with the offshore oil and gas sector {IEA, 2019b). The oil and
gas industry has considerable experience of working in offshore locations, which could
be of value in the construction of foundations and subsea structures for offshore wind
farms, especially when using vessels during installation and operation. The experience
of maintaining safety standards in oil and gas companies could also be helpful during
maintenance and inspection of offshore wind farms once they are in operation.

Cil and gas companies are well-placed to accelerate the pace of development and
deployment of these technologies, and to gain a commercial edge over other companies. In
the MZE, investment in low-emissions technologies suited to the skills and expertise of oil
and gas companies exceeds that in traditional oil and gas operations by 2030, Total capital
spending on these technologies and on traditional oil and gas operations averages
WD 650 billion per year over 2021-50, just less than annual investment in oil and gas projects
between 2016 and 2020 (Figure 4.7).

Mot all ol and gas companies will choose to follow a strategy of diversifying into other types
of energy. For example, it is far from certain that national oil companies will be charged by
their state owners to diversify and develop low-emissions energy sources outside their core
area of activity; other companies may decide simply to concentrate on supplying oil and
natural gas as cleanly and efficiently as possible, and to return income to shareholders. What
is clear, however, is that no oil and gas company would be unaffected by the NZE and that
all parts of the industry need to decide how to respond (IEA, 2020e),
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Figure 4.7 = Annual average investment in oll and gas and low-emissions
technolagies with synergies for the oll and gas industry in the NIE
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4.3.2 Coal

The precipitous decline in coal use projected in the NZE would have major implications for
the future of mining companies and countries with large existing production capacities.
Around 470 million tonnes of coal equivalent (Mtce) of coal used in the NZE in 2050 is in
facilities equipped with CCUS (80% of global coal demand in 2050), which prevents an even
sharper decling in demand. But no new coal mines or mine extensions are needed inthe MZE.
Retraining and regional revitalisation programmes would be essential to reduce the social
impact of job losses at the local level and to enable workers and communities to find
altermative livelihoods. There could also be opportunities to locate new clean energy
facilities, including the new processing facilities that are needed for critical minerals, in the
areas most affected by mine closures.

For mining companies, however, the contraction in coal demand in the NZE could be offset
by the need to increase mining of other raw minerals, including those vital to many clean
energy technologies, such as copper, lithium and nickel (IEA, 2021a). Global demand for
these critical minerals rises rapidly in the NZE (Figure 4.8). For example, demand for lithium
for use in batteries expands by a factor of 30 by 2030, while demand for rare earths, primarily
used for making EV motors and wind turbines, increases by a factor of ten by 2030. Critical
mineral resources are not always located in the same locations or countries as existing coal
mines, but the skills and experience of mining companies will be essential to ensure that the
supply of these minerals is able to match demand at reasonable prices, By the 20405, the size
of the global market for these minerals approaches that for coal today.,
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Figure 4.8 = Glohal value of ceal and selected critical minerals in the NIE
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increase from current levels to 2050,

4.3.3 Electricity

Getting to net-zero emissians calls for a massive expansion of the electricity sector to power
the needs of a growing global economy, the electrification of end-uses that previously used
fossil fuels, and the production of hydrogen from electrolysis. While electricity demand
increases more than two-and-a-half times, the rapid transformation of the industry means
that total electricity supply costs triple from 2020 to 2050 in the NZE, raising average costs
per unit of electricity generation modestly (Figure 4.9),

The electricity supply industry also becomes much more capital intensive, accelerating a
recent trend, The share of capital in total costs rises from less than 60% in 2020 (already ten
percentage points higher than in 2010) to about 80% in 2050. This is largely due to a massive
increase in renewable energy and the corresponding need for more network capacity and
sources of flexibility, including battery storage. In the late 2020s and 2030s, the upgrading
and replacement of existing solar and wind capacity as they come to the end of their
operating lives also boosts capital needs.® New nuclear power capacity additions add further
capital spending in the NZE. The rising capital intensity of the electricity industry increases
the importance of limiting risk for new investment and ensuring sufficient revenues in all
years for grid operators to fund rising investment needs —a point underlined by the financial
difficulties experienced by some network cempanies in 2020 due to depressed electricity
demand resulting from the Covid-19 crisis (IEA, 2020f).

* They typically need replacing after 25-30 years of operation, whereas many conventional hydropower,
nuclear and coal plants operate far longer albelt with periodic additional investment.
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Figure 4.9 = Global elechicity supply costs by compenent in the NZE

'E" 6 - 120 g — -_.. AT (11
a | I
P 5 100 = 'rl' - RO%
5 S
) 8D =
B o 60%
= =
= 3 0 2 -
.
2 a
1 20 20%
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050
W Grids » Power plant capital recovery
B Power plant operations and maintenance " Fuel
B CO; price » Average cost [right axis)
FA, All rights reserved

Electicily system cosis iriple to 2050, raizing average supply cosls modeshy;
the massive growth of renaw ables makes the indusiry more capitdl intensive

Nates: Electricity supply costs include all the direct costs to produce and transmit electricity to consumers,
Battery storage systems are inciuded in power plant capital recovery.

The rising share of renewables in the electricity generation mix has important implications
for the design of electricity markets. When the shares of solar, wind, other variable
renewables and nuclear power reach high levels, available electricity supply at no marginal
cost is often above electricity demand, resulting in a wholesale price of electricity that is zero
or even negative. By 2050, without changes in electricity market design, about 7% of wind
and solar output in the NZE would be above and beyond what can be integrated (and so
curtailed), and the share of 2ero-price hours in the year would increase to around 30% in
major markets from close to zero today, despite the active use of demand response. If the
share of renewables in the electricity generation mix is to rise as envisioned in the NZE, it
would therefore be highly desirable to effect significant changes in the design of electricity
markets so as to provide signals for investment, including investment in sources of flexibility
such as battery storage and dispatchable power plants,

The increase in electricity use inevitably raises associated costs. Operating and maintaining
power plants worldwide costs close to USD 1 trillion in 2050 in the NZE, two-and-a-half times
the level in 2020, In 2020, upkeep at fossil fuel power plants accounted for USD 150 billion,
and renewables required nearly as much, mostly for hydropower. By 2050, the cost of
aperating and maintaining renewables reaches USD 780 billion, most it needed for wind and
solar photovoltaics (PV) as a result of their massive scaling up: offshore wind alene accounts
for USD 90 billion.
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The sharp reduction of fossil fuel use in the electricity industry and lower fuel prices mean
that costs related to fuel and CO; prices are significantly reduced. This continues a recent
trend driven by near record-low natural gas prices in many markets. Even with rising CO;
prices over time, the rapid decarbonisation of electricity means that fuel and CO; make up a
declining share of total costs, falling from about one-quarter in 2020 to 5% in 2050. The
balance of fuel costs shifts towards low-emissions sources, mainly nuclear power and
bioenergy (including with CCUS), though some still remains related to natural gas and coal
used in power plants equipped with CCUS.

One challenge in this context is what to do about the coal-fired power plants in operation. In
2020, over 2 100 gigawatts (GW) of power plants worldwide used coal to produce electricity
and heat, and they emitted nearly 30% of all energy-related €O, emissions. Options include
retrofitting coal-fired power plants with CCUS technologies, co-firing with biomass or
ammonia; repurposing coal plants to focus on providing flexibility; and, where feasible,
phasing them out. In the NZE, all unabated coal-fired power plants are phased out in
advanced economies by 2030 and in emerging market and developing economies by 2040,
As a result, emissions from coal-fired power plants fall from 9.8 gigatonnes (Gt) in 2020 to
3.0 Gt in 2030 and to just 0.1 Gt by 2040 (residual emissions from coal with €CUS plants).”

Another challenge is related to the scale of capacity retirements envisaged and associated
site rehabilitation, starting with coal. The pace of retirement of coal-fired power plants over
2020-50 is nearly triple that of the past decade. Decommissioning at each site can often last
adecade and entail significant cost, and may involve closing a mine as well. In some cases, it
may be financially attractive to build a renewable energy project on the same site, taking
advantage of the grid connection and limiting the cost of rehabilitation. Thousands of natural
gas-fired and oil-fired power plants are also retired by 2050, though these sites are often
strategically located on the grid and many are likely to be replaced directly with battery
storage systems.

The large fleet of ageing nuclear reactors in advanced economies means their
decommissioning increases, despite many reactor lifetime extensions. In the NZE, annual
average nuclear retirements globally are 60% higher over the next 30 years than in the last
decade, Each nuclear decommissioning project can span decades, with costs ranging from
several hundred million dollars to well over USD 1 killion for large reactors [NEA, 2016).

4.3.4 Energy-consuming industries

The changes in the NZE would have an enormous impact on industries that manufacture
vehicles and their material and component suppliers. Around 95% of all the cars and nearly
all of the trucks sold worldwide in 2020 were conventional vehicles with an internal
combustion engine. In the NZE, about 60% of global car sales in 2030 are EVs, and 85% of

! A €Oy capture rate of 90% is assumed, though higher rates are technically possible with reduced efficencies
and additional costs (IEA, 2020g).
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heavy-duty trucks sold in 2040 are EVs or fuel cell vehicles. In the NZE, vehicle component
suppliers and wehicle manufacturers alike retool factories, change designs to incorporate
batteries and fuel cells, and adjust supply chains to minimise the lifecycle emissions
intensities of wehicles. This provides opportunities to redesign esisting parts and
manufacturing processes to improve efficiency and lower costs.

The rapid increase in £V sales inthe NZE requires animmediate scale up of new supply chains
for batteries as well as recharging and low-emissions refuelling infrastructure. In the NZE,
battery production capacity increases to more than 6.5 terawatt-hours (TWh) by 2030,
compared with less than 0.2 TWh in 2020. Any delay in expanding battery manufacturing
capacity would have a detrimental impact on the rall-out of EVs and slow cost reductions for
other clean energy technologies that benefit in the NZE from having similar manufacturing
processes and know-how (such as fuel cell vehicles and electrolysers).

In aviation and shipping, liquid low-emissions fuels are central to cut emissions. Switching to
some of these would have little impact on vessel design: the use of hydrogen-based fuels or
biofuals in shipping would only reguire changes to the motor and fuel system, and bio-
kerosene or synthetic kerosene can operate with existing aircraft. New bunkering and
refuelling infrastructure are needed in the NZE, however, and the use of these low-emissions
fuels also requires new safety and standardisation standards, protocols for permitting,
construction and design, as well as international regulation, monitoring, reporting and
verification of their production and use.

In heavy industrial sectors — steel, cement and chemicals — most deep emissions reduction
technologies are not available on the market today. In the NZE, material producers soon
demonstrate near-zero emission processes, aided by government risk-sharing mechanisms,
and start to adapt their existing production assets. For multinational companies, this includes
developing technology transfer strategies to roll-out processes across plants. International
co-operation would help to ensure a level playing field for all. Within countries, efforts focus
on industrial hubs in order to accelerate emissions reductions across multiple industrial
sectors by promoting economies of scale for new infrastructure (such as CO; transport and
storage) and supplies of low-emissions energy.

Materials producers work with governments in the MNZE to create an international
certification system for near-zere emission materials to differentiate them from
canventional ones. This would enable buyers of materials such as vehicle manufacturers and
construction companies to enter into commercial agreements to purchase near-zero
emissions materials at a price premium. In most cases, the premium would result in only a
madest impact on the final price of the product price given that materials generally account
for a small portion of manufacturing costs (Material Economics, 2019).
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4.4 Citizens
4.4.1 Energy-related Sustainable Development Goals

An Inclusive and people-centred transition is key to the world moving rapidly, collectively
and consistently toward net-zero emissions by mid-century. The NZE achieves the United
Mations energy-related Sustainable Development Goals [SDGs) of universal access to clean
madern energy by 2030 (506G 7.1) and reducing premature deaths caused by air pollution
I1SDG 3.9). The technologies, options and measures used to achieve full access to low-
emissions electricity and clean cooking solutions by 2030 in the NZE also help to reduce
greenhouse gas (GHG) emissions from househald energy use.

Energy access

About 790 million people worldwide did not have access to electricity in 2020, most of them
living in sub-Saharan Africa and developing Asia. Around 2.6 billion people did not have
access to clean cooking options: 35% of them were in sub-Saharan Africa, 25% in India and
15% in China. A lack of access to energy not enly impedes economic development, but also
causes serious harm to health and is a barrier to progress on gender equality and education.®

Figure 4.10 = People gaining access to electricity by type of connection in
emerging market and developing economies in the NIE
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* Households relying on the traditional use of biomass for cooking dedicate around 1.4 hours each day
collecting firewood and several hours cooking with inefficient stoves, a burden largely borne by women {IEA,
2007,
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Around 45% of those who lack aceess to electricity by 2030 gain it via a connection to a main
grid, while the rest are served by mini-grids (30%) and stand-alone solutions [25%)
{Figure 4.10). Almost all off-grid or mini-grid solutions are 100% renewable. Decentralised
systems that rely on diesel generators, which are also deployed in some grid-connected
systems to compensate for low reliability, are phased out later and replaced with solar
storage systems. Achieving full access does not lead to a significant increase in global
emissions: in 2030 it adds less than 0.2% to COy emissions. Achieving full access to electricity
also brings efficiency gains and accelerates the alectrification of appliances, which become
critical to emissions reductions in buildings after 2030 in emerging market and developing
economies.

For clean cooking, 55% of those gaining access by 2030 in the NZE do so through improved
biomass cookstoves (ICS) fuelled by modern biomass, biogas or ethanal, 25% through the
use of liquefied petroleum gas [LPG) and 20% via electric cooking solutions [Figure 4.11). LPG
is the main fuel adopted in urban areas and ICS is the main option in rural areas. The use of
LPG results in a slight increase in CO; emissions in 2030 but a net reduction in overall GHG
emissions due to reduced methane, nitrous oxides and black carbon emissions from the
traditional use of biomass. In addition, LPG is increasingly decarbonised after 2030 using bio-
sourced butane and propane (biolPG) produced sustainably from municipal solid waste
(MSW) and other renewable feedstocks. The technical potential of biolPG production from
MSW in 2050 in Africa could be enough to satisfy the cooking needs of more than 750 million
people (GLPGP, 2020; Liguid Gas Curope, 2021).

Figure 4.11 = Primary cooking fuel by share of population in emerging market
and developing economies in the NIE
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The achievement of universal access ta clean energy by 2030 requires governments and
donors to put expanding access at the heart of recovery plans and programmes. There would
be multiple benefits: investing heavily in energy access would provide an immediate
econamic boost, create local jobs and bring durable improvemeants to social well-being by
madernising health services and food chains. In the NZE, around USD 35 billion is spent each
year improving access to electricity and almost USD 7 billion each year on clean cooking
solutions for people in low-income countries from now to 2030,

Afr polfutian and health

Maore than 90% of people around the world are exposed to polluted air today. Such pollution
led to around 5.4 million premature deaths in 2020, undermining economic productivity and
placing extra stress on healthcare systems. Most of these deaths were in emerging market
and developing economies. Just over half were caused by exposure to outdoor air pollution;
the remainder resulted from breathing polluted air indoors, caused mainly by the traditional
use of biomass for cooking and heating.

Energy-related emissions of the three major air pollutants — sulphur dioxide (SO;), nitrogen
oxides [NOx) and fine particulate matter (PM;s) = fall rapidly in the NZE. SO; emissions fall by
85% between 2020 and 2050, mainly as a result of the large-scale phase-out of coal-fired
power plants and industrial facilities. NOx emissions also drop by around 85% as a result of
the increased use of electricity, hydrogen and ammonia in the transport sector. The
increased uptake of clean cooking fuels in developing countries, together with air pallution
control measures in industry and transport, results in a 90% drop in PM;s emissions
[Figure 4.12). The reduction in air pollution inthe NZE leads to roughly a halving in premature
deaths in 2050 compared with 2020, saving the lives of about 2 million people per year,
around 85% of them in emerging market and developing economies.

Figure 4.12 = Global premature deaths and air pellutant emissions in the NIE
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4.4.2 Affordability

Total spending on energy

Energy affordability is a key concern for governments, businesses and households. Global
direct spending on energy, l.e. the total fuel bills paid by all end users, which totalled
UsSD 6.3 trillion in 2020, increases by 45% to 2030 and 75% to 2050, in large part reflecting
population and GDP growth over this period. As a share of global GDP, the figures look rather
different: total direct spending on energy holds steady at around 8% out to 2020 (similar to
the average over the last five years), but then declines to 6% in 2050, This decline offsets a
significant share of the higher cost of buying new, more efficient energy-consuming
equipment.

A portion of the increase in energy spending in the NZE is related to rising €O; prices and the
removal of consumption subsidies for fossil fuels and electricity. CO; pricing [taxes and
trading schemes) paid by end users at its peak generates global revenues in the N2E of close
ta USD 700 billion each year between 2030 and 2035, before declining steadily due to
declining overall emissions: these revenues could be recycled into economies or otherwise
used to improve consumer welfare, particularly for low-income households. The NZE also
sees the progressive removal of consumption subsidies for fossil fuels, many of which
disproportionally benefit wealthier segments of the population that use more of the
subsidised fuel. Phasing out the subsidies would provide more efficient price signals for
consumers, and spur more energy conservation and measures to improve energy efficiency.
The impact of phasing out subsidies on lower income households could be offset through
direct payment schemes or other means at lower overall costs to the economy.

Figure 4.13 = Global energy spending by fuel in the NIE
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The transformation of the global energy system in the NZE drives a major shift in the
composition of energy spending. Spending on electricity at USD 2.7 trillion in 2020 (45% of
total energy spending) exceeded spending on oil products for the first time and it rises to
over USD 8.5 trillion in 2050 [80% of total energy spending) (Figure 4.13). Retail electricity
prices increase by 50% on average, contributing to the total increase. Spending on il, which
has dominated overall energy spending for decades, goes into long-term decline in the
20205, its share of spending falling from 40% in 2020 to just 5% in 2050, Spending on natural
gas and coal also declines in the long term, offset by higher spending on low-emissions fuals.
Spending on bicenergy reaches about USD 200 billion per year by 2040, while other low-
emissions fuels, including hydrogen-based products, gain a foothold and establish a market
worth of around USD 600 billion per year by 2050.

Household spending on energy

Direct spending by households on energy, including for heating, cooling, electricity and fuel
for passenger cars, falls as a share of disposable income in the NZE, though there are large
differences between countries (Figure 4.14).

Figure 4.14 = Average annual household energy bill in the NZE
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In advanced economies, the average annual bill declines from about USD 2 800 in 2020 to
WSR2 300 in 2030, thanks to a strong push on energy efficiency and cost-effective
electrification. Qil products make up close to half of household energy bills in 2020, but this
falls to 30% in 2030 and almaost zero in 2050, due to a rapid shift to EVs and to downward
pressure on ail prices. Natural gas bills, which make up almost 10% of the total today, also
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fall to almaost zero in 2050 with the electrification of heating and cooking. Electricity rises
from about 35% of household fuel bills in 2020 to 90% in 2050, increasing the sensitivity of
households to electricity prices and consumption. Increasing incomes mean that household
spending on energy as a share of disposable income drops from 4% in 2020 to 2% in 2050,

In emerging market and developing economies, there is a huge increase in demand for
modern energy services linked to expanding populations, economic growth, rising incomes
and universal access to electricity and clean cooking options. As in advanced economies,
electricity accounts for the vast majority of energy bills in 2050. The use of more efficient
appliances and eguipment curbs some of the increase in demand, but household bills still
increase in the NZE by over 60% to 2030 and more than double by 2050, As a percentage of
disposable income, however, bills in emerging market and developing economies remain
around 4%, and there are large social and economic benefits from increased energy use.

Figure 4.15 = Change In household spending on energy plus energy-related
investment in the NIE relative to 2020
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Taking into account additional investment in electricity-consuming equipment such as
efficient appliances and electric vehicles, spending on energy plus related investment s
USD 1,30 higher per day per household globally in 2050 than in 2020 in the NZE. This modest
increase means that expenditure on energy makes up a smaller share of disposable income
in 2050 than it doaes today, though the impacts vary by country. In advanced economies,
additional investment in electrification, energy efficiency and renewable energy costs about
UsD 750 per household by 2030 and USD 720 in 2050, which is fully offset by reductions in
the level of energy bills [Figure 4.15). In emerging market and developing economies, a
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growing basket of energy services means increased use of energy, and total energy-related
househald spending increases. Additional investment moderates the change in energy bills,
with the result that total energy-related spending takes 2 percentage points more of
household disposable income in 2030 and 1 percentage point more in 2050 than today.

4.4.3 Behovioural changes

Behavioural changes play an important part in reducing energy demand and emissions in the
MZE, especially in sectors where technical options for cutting emissions are limited in 2050,
While it is citizens and companies that modify their behaviour, the changes are mostly
enabled by the policies and investments made by governments, and in some instances, they
are required by laws or regulations. The Covid-19 pandemic has increased general awareness
of the potential effectiveness of behavioural changes, such as mask-wearing, and working
and schooling at home, The crisis demonstrated that people can make behavioural changes
at significant speed and scale if they understand the changes to be justified, and that it is
necessary for governments to explain convineingly and to provide clear guidance about what
changes are needed and why they are needed.

Figure 4.16 = Emissions reducfions from pelicy-driven and discretionary
behavioural changes by cifizens and companies in the NIE
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Around three-quarters of the emissions saved by behavioural changes between 2020 and
2050 in the NZE could be directly influenced or mandated by povernment palicy
|Figure 4.16). They include mitigation measures such as phasing out polluting cars from large
cities and reducing speed limits on motorways. The other one-guarter involves more
discretionary behavioural changes, such as reducing wasteful energy use in homes and
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offices, though even these types of changes could be promoted through awareness
campaigns and other means. Around 10% of emissions savings directly influenced or
mandated by government policy would require new or redirected investment in
infrastructure. For example, the shift in the NZE from regional flights to high-speed rail would
necessitate building around 170 000 kilometres of new track globally by 2050 (a tripling of
2020 levels),

Behavioural changes made by citizens and companies play a roughly equal rale in reducing
emissions in the NZE. Most changes in road transport and energy-saving in homes would
depend on individuals, whereas the private sector has the primary role in reducing energy
demand in commercial buildings and pursuing materials efficiency in manufacturing.
Companies can also influence behavioural changes indirectly, for example, by promoting the
use of public transport by employees that commute or encouraging working from home.
However, a simple distinction between the role for individuals and companies masks a
complex underlying dynamic: it is ultimately citizens as consumers of energy-related goods
and services who shape corporate strategies, but at the same time companies do much to
influence and generate consumer demand through marketing and advertising. In the NZE,
consumers and companies move together in adopting behavioural changes, with
governments setting the direction of those changes and facilitating them via effective and
sustained policy support,

The behavioural changes in the NZE happen to different extents in different regions, and
reflect a range of geographical and infrastructure constraints, as well as existing behavioural
narms and cultural preferences. In countries with low rates of car ownership or energy
service demand in buildings, many of the behavioural changes in advanced economies in NZE
would not be relevant or appropriate. As a result, around half of the emissions savings from
behavioural changes are in emerging market and developing economies, despite around 95%
of activity growth in buildings and road transport between 2020 and 2050 occurring there,
Mevertheless, there are significant opportunities in emerging market and developing
economies for materials efficiency and urban design to decouple growth in economic
prasperity and energy services from increases in emissions. For example, around 85% of CO;
emissions reductions from cement and steel making in 2050 are due to gains in materials
efficiency in emerging market and developing economies.

Cities are important to the behavioural changes in the NZE. Urban design can reduce the
average city dweller's carbon footprint by up to 60% by shaping lifestyle choices and
influencing day-to-day behaviour, For example, compact cities with clustered amenities can
shorten average trip lengths; digitalisation can help shared private mobility to become the
de facto option to accommaoadate much of the growth in service demand; and urban green
infrastructure can reduce cooling demand (Feyisa, Dons & Meilby, 2014).
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4.5 Governments
4.5.1 Energy security

Energy security is an important consideration for governments and those they serve, and the
pathway to net-zero emissions must take account of it. Concerns about energy security have
traditionally been associated with oil and natural gas supplies. The drop in oil and gas
demand and the increased diversity of the energy sources used in the NZE may reduce some
risks, but they do not disappear. There are also new potential vulnerabilities associated with
the need to maintain reliable, flexible and secure electricity systems, and with the increase
in demand for raw minerals for clean energy technologies. Improving energy efficiency
remains the central measure for increasing energy security — even with rapid growth in low-
emissions electricity generation, the safest energy supplies are those that are not needed.

0il and gos security

Mo new oil and natural gas fields are required in the NZE beyond those already approved for
development, and supplies become increasingly concentrated in a small number of low-cost
producers. For oil, OPEC's share of global oil supply grows from around 37% in recent years
to 52% in 2050, a level higher than at any point in the history of ol markets (Figure 4.17). For
natural gas, inter-regional liguefied natural gas (LNG) trade inereases fram 420 bem in 2020
over the next five years but it then falls to around 160 bem in 2050, Nearly all exports in 2050
come from the lowest cost and lowest emissions producers, This means that the importance
of ensuring adequate supplies of oil and natural gas to the smooth functioning of the global
energy system would be guantitatively lower in 2050 than today, but it does not suggest that
the risk of a shortfall in supply or sudden price rise is necessarily going to diminish, and a
shortfall or sudden price rise would still have large repercussions for a number of sectors,

Figure 4.17 = Globkal oll supply and LNG expors by region in the NIE
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Even if the timing and ambition of emission reduction policies are elear, the changes in the
MEE clearly have implications for producers and consumers alike, Many producer economies
would see oil and gas revenues drop to some of the lowest ever levels (see section 4.2.2).
Even if these producers increase their market share, and diversify their economies and
sources of tax revenue, they are likely to struggle to finance essential spending at current
levels. This could have knock-on effects for social stability, and that in turn could potentially
threaten the smooth delivery of oil and gas to consuming countries. Moves an the part of
producer economies to gain market share or a failure to maintain upstream operations while
managing the extreme strains that would be placed on their fiscal balances could lead to
turbulent and volatile markets, greatly complicating the task facing policy makers.

Electricity security

The rapid electrification of all sectors in the NZE, and the associated increase in electricity’s
share of total final consumption from 20% in 2020 to nearly 50% in 2050, puts electricity
even more at the heart of energy security across the world than it already is (IEA, 2020h),
Greater reliance on electricity has both positive and negative implications for overall energy
security. One advantage for energy-importing countries is that they become more
self-sufficient, since a much higher share of electricity supply is based on domestic sources
in tha MNZE than is the case for ather fuels. However the increased importance of electricity
means that any electricity system disruption would have larger impacts. Electricity
infrastructure is often more vulnerable to physical shocks such as extreme weather events
than pipelines and underground storage facilities, and climate change is likely to put
increasing pressure on electricity systems, for example through more frequent droughts that
might decrease the availability of water for hydropower and for cooling at thermal power
plants. The resilience of electricity systems needs to be enhanced to mitigate these risks and
maintain electricity security, including through more robust contingency planning, with
solutions based on digital technologies and physical system hardening (IEA, 2021b).

Cybarsecurity could pose an even greater risk to electricity security as systems incorporate
more digitalised monitoring and controls in a growing number of power plants, electricity
netweork assets and storage facilities. Policy makers have a central part to play in ensuring
that the cyber resilience of electricity is enhanced, and there are a number of ways in which
they can pursue this (IEA, 2021c).

Maintaining electricity security also requires a range of measures to ensure flexibility,
adequacy and reliability at all times. Enhanced electricity system flexibility is of particular
importance as the share of variable renewables in the generation mix rises. As a
consequence, electricity system flexibility quadruples globally in the NZE in parallel with a
more than two-and-a half-fold increase in electricity supply.® A portfolio of flexibility sources
— including power plants, energy storage and demand response supported by electricity

¥ Electricity system flexibility isquantified here based on hour-to-hour ramping needs, which is only one asgect
of flexibifity that also includes actions on much sherter time scales to maintain frequency and other ancillary
Senices.
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netwarks — is used to mateh supply and demand at all times of the year, under varying
weather conditions and levels of demand. There is a significant shift in the NZE from using
coal- and gas-fired power plants for the provision of flexibility to the use of renewables,
hydrogen, battery storage, and demand-side response [Figure 4,18),

Figure 4.18 = Eleckicity system flexibility by source in the NIE
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Electricity demand also becomes much more flexible as a result of the use of demand
Fesponse measures, e.g. to shift consumption to times when renewable energy is plentiful,
Conventional sources of demand response such as moderating industry activities remain
impaortant, but new areas of demand response such as smart charging of EVs unlock valuable
new ways of supplementing them.” As the EV fleet expands in the NZE, EVs provide a
significant portion of total electricity system flexibility. Although the technology already
exists, the roll-out of smart charging has been slow to date due to institutional and regulatory
barriers; these hurdles are overcome in the NZE, Measures are also implemented to ensure
that the digitalisation of charging and other sources of flexibility does not compromise
cybersecurity, and that potential social acceptance issues are addressed.

Energy storage also plays an important role in the provision of flexibility in the NZE, The
deployment of battery storage systems is already starting to accelerate and to contribute to
the management of short-duration flexibility needs, but the massive scale up to 3 100 GW of
storage in 2050 (with four hour duration on average] envisaged in the NZE hinges on
overcoming current regulatory and market design barriers. Pumped hydropower offers an
attractive means of providing flexibility over a matter of hours and days, while hydrogen has

® Smart chargers share real-time data with a centralised platform to allow system operators to optimise
charging profiles based on how much energy the vehide needs over a specified span of time, how much is.
wvailable, the price of wholesale electricity, grid congestion and other paramebers.
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the patential to play an important part in longer term seasonal storage since it can be stored
in converted gas storage facilities that have several orders of magnitude maore capacity than
battery storage projects.

Dispatchable power is essential to the secure transition of electricity systems, and in the NZE
this comes increasingly from low-emissions sources. Hydropower provides a significant part
of flexibility in many electricity systems today, and this continues in the future, with
particular emphasis on expanding pumped hydro facilities, Nuclear power and geothermal
plants, though designed for baseload generation, also provide a degree of flexibility in the
MZE, but there are constraints on how much these sources can be expanded. This leaves an
important role for thermal power plants that are equipped with carbon capture or use low-
emissions fuels. For example, the use of sustainable biomass or low-emissions ammonia in
existing coal plants offers a way of allowing these facilities to continue to contribute to
flexibility and capacity adequacy, while at the same time reducing CO; emissions. Additional
measures will also be necessary to maintain power systam stability (Box 4.1).

Bex 4.1 = Power system stability with high shares of variable renewables

Stability is a key feature of electricity security, allowing systems to remain in balance and
withstand disturbances such as sudden generator or grid outages. Historically,
conventional generators such as nuclear, hydro and fossil fuels have been central to
electricity system stability, providing inertia with rotating machines that allow stored
kinetic energy to be instantly converted into power in case of a system disturbance, and
generating a voltage signal that helps all generators remain synchronous,

In contrast, newer technologies such as solar PV, wind and batteries are connected to the
system through converters. They generally do not contribute to system inertia and are
configured as “grid-following” units, synchronising to conventional generators.
Maintaining system stability will call for new approaches as the share of converter based
resources, and in particular variable renewables, rises much higher in electricity systems.

There is a growing body of knowledge and studies on stability in systems with high shares
of variable renewables. For example, a recent joint study by the IEA and RTE, the
transmission system operator in France, analyses the conditions under which it would be
technically feasible to integrate high shares of variable renewables in France (IEA, 2021d).
Based on the findings of this study:

®  One option to ensure stability for a net zero power system is to maintain a minimum
amount of conventional generation from low-carbon technologies during hours of
high shares VRE output, This approach te maintain stability comes at the cost of solar
and wind curtailment at high shares.

B Updated grid codes can be used to call for variable renewables and batteries to
provide fast frequency response services, which can help reduce the amount of
conventional generation needed for stability.
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B Synchronous condensers are able to provide inertia without generating electricity.
The technology is already proven at GW-scale in Denmark and also in South
Australia, but experience needs to be expanded at larger scale.

B Grid-forming converters can allow variable renewables and batteries to generate a
voltage signal, though experience with this approach needs to move beyond micro-
grids and small islands to large interconnected systems.

Demaonstration projects, stakeholder consultations and international collaboration will
be critical to fully understand the merits of each of these four approaches and the scope
for a portfolio of options that would most cost-effectively achieve net zero emissions
while maintaining electricity security.

Electricity netwarks support and enable the use of all sources of flexibility, balancing demand
and supply over large areas. Timely investment in grids to minimise congestion and expand
the size of the areas where supply and demand are balanced will be critical to making the
best use of solar PV and wind projects, and ensuring affordable and reliable supplies of
electricity. Expanding long-distance transmission also makes a key contribution in the NZE,
since a lack of available land near demand centres and other factors mean new sources of
generation are often located in remote areas. It is important that new transmission systems
are built with variable, bidirectional operation in mind in order to maximise the use of
available flexibility sources, and that regulatory and market arrangements support flexible
connactions between systems. The key wvalue of interconnections comes from
complementary electricity demand and wind patterns: solar PV output is more highly
correlated than wind over large areas.

The NZE sees a major increase in demand for critical minerals such as copper, lithium, nickel,
cobalt and rare earth elements that are essential for many clean energy technologies. There
are several potential vulnerabilities that could hinder the adeguate supply of these minerals
and lead to price volatility [IEA, 2021a). Today’s preduction and processing operations for
many minerals are highly concentrated in a small number of countries, making supplies
vulnerable to political instability, geopolitical risks and possible export restrictions. In many
cases, there are also concerns about land-use changes, competition for scarce water
resources, corruption and misuse of government resources, fatalities and injuries to warkers,
and human rights abuses, including the use of child labour, New critical mineral projects can
have long lead times, so the rapid increase in demand in the NZE could lead to a mismatch
in timing between supply and demand. The international trade and investment regime is key
to maintaining reliable mineral supplies, but policy support and international co-ordination
will be needed to ensure the application of rigorous environmental and social regulations.

Chapter4 | Wider implications of achleving net-zero emissions 179



4.5.2 Infrastructure

Getting to net-zero emissions will require huge amounts of new infrastructure and lots of
maodifications to existing assets. Energy infrastructure is transformed in the NZE as all
countries and regions move from systems supporting the wse of fossil fuels and the
distribution of conventionally generated electricity to systems based largely on renewable
electricity and low-emissions fuels. In many emerging market and developing economies, the
provision of large amounts of infrastructure would be necessary in the coming decades In
any case, creating a window of opportunity to support the transition to a net-zero emissions
economy. In all countries, governments will play a central role in planning, financing and
regulating the development of infrastructure. Some of the main infrastructure components
- electricity networks and EV charging, pipelines systems for low-emissions fuels and CO,,
and transport infrastructure — are discussed below,

The rapid increase in electricity demand in the NZE and the transition to renewable energy
call for an expansion and modernisation of electricity networks (Figure 4.19). This would
require a sharp reversal in the recent trend of declining investment: failure to achieve this
would almost certainly make the energy transition for net-zero emissions impossible. Tariff
design and permitting procedures also need to be revised to reflect fundamental changes in
the provision and uses of electricity. Some of the main considerations include:

®  Long-distance transmission. Most of the growth in renewables in the NZE comes from
centralised sources, Yet the best solar and wind resources are often in remote regions,
requiring new transmission connections. Ultra high-voltage direct current systems are
likely to play an important role in supporting transmission over long distances.

®  Local distribution. Energy efficiency gains in households and wider use of rooftop solar
PV mean surplus electricity will be available more often, while electric heat pumps and
residential EV charging points will require electricity to be more widely available,
Together these developments point to the need for substantial increases in distribution
network capacity.

B Grid substations. The massive expansion of solar PV and wind requires new grid
substations: their capacity expands by more than 57 000 GW in the NZE by 2030,
doubling current capacity globally.

®  EV charging. Major new public charging networks are built in the NZE, including in work
places, highway service stations and residential complexes, to support EV expansion and
long-distance driving on highways.

®  Digitalisation of networks. With a large increase in the use of connected devices, the
digitalisation of grid assets supports more flexible grid operations, better management
of variable renewables and more efficient demand response.
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Figure 4.19 = Annual average electricity grid expansion, replacement and

substation capacity growth in the NIE
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Pipelines continue to play a key role in the transmission and distribution of energy in the
MEE:

Given the rapid decline of fossil fuels, significant investment in new oil and gas pipelines
are not needed in the NZE, However investment is needed to link the production of low-
emissions liquids and gases with consumption centres, and to convert existing pipelines
and associated distribution infrastructure for the use of these low-emissions fuels. Some
low-emissions fuels, such as biomethane and synthetic hydrogen-based fuels, can make
use of existing infrastructure without any modifications, but pure hydrogen requires a
retrofit of existing pipelines. New dedicated hydrogen infrastructure is alse needed in
the NZE, for example to move hydrogen produced in remote areas with excellent
renewable resources to demand centres.

The expansion of CCUS in the NZE requires investment in CO; transport and storage
capacity. By 2050, 7.6 Gt of CO; is captured worldwide, requiring a large amount of
pipeline and shipping infrastructure linking the facilities where CO; is captured with
storage sites. Industrial clusters, including ports, may offer the best near-term
opportunities to build CO: pipeline and hydrogen infrastructure, as the various
industries in those clusters using the new infrastructure would be able to share the
upfrant investment needs (Figure 4.20).
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Figure 4.20 = |llustrative example of a shared CO; pipeline in an
industrial cluster
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Transforming transport infrastructure represents both a challenge and an opportunity, The
challenge arises from the patential increase in the energy and carbon intensity of economic
growth during the infrastructure development phase.'! Steel and cement are the two main
components of virtually all infrastructure projects, but they are also among the most
challenging sectors to decarbonise. The opportunity comes from the scope that exists in
some countries to develop infrastructure from scratch in a way that is compatible with the
net zero goal. Countries undergoing rapid urbanisation today can design and steer new
infrastructure development towards higher urban density and high-capacity mass transit in
tandem with EV charging and low-emissions fuelling systems.

Rail has an important part to play as transport infrastructure is developed. The NZE sees
large-scale investment in all regions in high-speed trains to replace both long-distance car
driving and short-haul aviation. It also sees large-scale investment in all regions in track,
control systems, rolling stock modernisation and combined freight facilities to improve speed
and flexibility for just-in-time logistical operations and thus support a shift of freight from
road to rail, especially for container traffic.

' The modalling for the NZE incorporates the increase in steel and cement that is required to build additional
transport infrastructure (roads, cars and trucks) and energy infrastructure, e.g, power plants and wind
turbines,
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4.5.3 Tax revenues from retail energy sales

The slump in the consumption of fossil fuels required to get to net-zero emissions would
result in the loss of a large amount of tax revenue in many countries, given that fuels such as
oil-based transport fuels and natural gas are often subject to high excise or other special
taxes. In recent years, energy-related taxes accounted for around 4% of total government
tax revenues in advanced economies on average and 3.5% in emerging market and
developing economies, but they provided as much as 10% in some countries (DECD, 2020).

Figure 4.21 = Global revenves from taxes on retall sales of oll and gas in the
NIE
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Tax revenue from oil and natural gas retail sales falls by close to 90% between 2020and 2050
in the NZE (Figure 4.21). Governments are likely to need to rely on some combination of
other tax revenues and public spending reforms to compensate. Some taxation measures
facused on the energy sector could be wseful, However, any such taxes would need to be
carefully designed to minimise their impact on low-income households, as poorer
households spend a higher percentage of their disposable income on electricity and heating.
Options for energy-related taxes include:

8 CO; prices. These are introduced in all regions in the NZE, albeit at different levels for
eountries and sectors, which provide additional revenue streams. The reduction in oil
and natural gas excise taxes is mare than compensated over the next 15 years by higher
revenues from CO; prices related to these fuels paid by end users and other sectors, but
these too fall as the global energy system moves towards net-zero emissions.

®  Road fees and congestion charges. These would have the added benefit of discouraging
driving and encouraging switching to other less carbon-intensive modes of transport.
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®  Increasing taxation on electricity. Higher taxes on all electricity sales could generate
substantial revenues, especially since large increases in price often have little effect on
consumption. This might be counterproductive, however, as it would reduce the cost-
effectiveness of both EVs and heat pumps, which could slow their adoption, although
this risk could be mitigated by the introduction of CO; prices.

Matural gas is currently less taxed than transport fuels in most countries. Introducing and
raising CO; prices for natural gas used in buildings, mostly for heating, would accelerate
energy efficiency improvements and boost government revenues, although care would be
needed to avoid disproportionately impacting low-income households. Taxing natural gas
used in industry would improve the competitiveness of less carbon-intensive fuels and
technologies such as hydrogen, but would run the risk of undermining the international
competitiveness of energy-intensive sectors and carbon leakage in the absence of
co-ordinated global action or border carbon-tax adjustments.

4.5.4 Innovation

Without a major acceleration in clean energy innovation, reaching net-zero emissions by
2050 will not be achievable. Technologies that are available on the market today provide
nearly all of the emissions reductions reguired to 2030 in the NZE to put the world on track
for net-zero emissions by 2050. However, reaching net-zero emissions will reguire the
widespread use after 2030 of technologies that are still under development today. In 2050,
almost 50% of CO; emissions reductions in the NZE come from technologies currently at
demonstration or prototype stage (Figure 4.22). This share is even higher in sectors such as
heavy industry and long-distance transport. Major innovation efforts are vital in this decade
so that the technologies necessary for net-zero emissions reach markets as soon as possible.

Figure 4.22 = Global CO; emissions changes by technology maturity category
in the NIE
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Inmowvation cycles for early stage clean energy techniologies are much more rapid in the NZE
than what has typically been achieved historically, and most clean energy technologies that
have not been demonstrated at scale today reach markets by 2030 at the latest. This means
the time from first prototype to market introduction is on average 20% faster than the fastest
energy technology developments in the past, and around 40% faster than was the case for
solar PV (Figure 4.23). Technologies at the demonstration stage, such as CCUS in cemant
production or low-emissions ammaonia-fuelled ships, are brought into the market in the next
three to four years. Hydrogen-based steel production, direct air capture [DAC) and other
technologies at the large prototype stage reach the market in about six yvears, while most
technologies at small prototype stage = such as solid state refrigerant-free cooling or solid
state batteries = do so within the coming nine years.

Figure 4.23 = Time from first prototype to market intreduction for selected
technologies in the NIE and historical examples
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An acceleration of this magnitude is clearly ambitious. It requires technologies that are not
yet available on the market to be demonstrated wvery quickly at scale in multiple
configurations and in various regional contexts, In most cases, these demonstrations are run
in parallel in the NZE. This is in stark contrast with typical practice in technology
development: learning is usually transferred across consecutive demonstration projects in
diffarent contexts to build confidence before widespread deployment commaences.

The acceleration thatis needed also requires a large increase in investment in demonstration
projects. In the NZE, USD 90 billion is mobilised as soon as possible to complete a portfolio
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of demonstration projects before 2020: this is much mare than the roughly USD 25 billion
budgeted by governments to 2030, Most of these projects are concerned with the
electrification of end-uses, CCUS, hydrogen and sustainable bioenergy, mainly for long-
distance transport and heavy industrial applications.

Increased public funding helps to manage the risks of such first-of-a-kind projects and to
leverage private investment in research and development (RED) in the NZE, This represents
a reversal of recent trends: government spending on energy R&D worldwide, including
demonstration projects, has fallen as a share of GDP from a peak of almost 0.1% in 1980 to
just 0.03% in 2019. Public funding also becomes better aligned with the innovations needed
to reach net-zero emissions. In the NZE, electrification, CCUS, hydrogen and sustainable
bioenergy account for nearly half of the cumulative emissions reductions to 2050, Just three
technologies are critical in enabling around 15% of the cumulative emissions reductions in
the NZE between 2030 and 2050: advanced high-energy density batteries, hydrogen
electrolysers and DAC,

Governments drive innovation in the NZE

Bringing new energy technologies to market can often take several decades, but the
imperative of reaching net-zero emissions globally by 2050 means that progress has to be
much faster. Experience has shown that the role of government is crucial in shortening the
time needed to bring new technology to market and to diffuse it widely (IEA, 2020i). The
government role includes educating people, funding R&.D, providing networks for knowledge
exchange, protecting intellectual property, using public procurement to boost deployment,
helping companies innovate, investing in enabling infrastructure and setting regulatory
frameworks for markets and finance.

Knowledge transfer from first-mover countries can also help in the acceleration needed, and
is particularly important in the early phases of adoption when new technologies are typically
not competitive with incumbent technologies. For example, in the case of solar PV, national
laboratories played a key role in the early development phase in the United States, prajects
supported directly by government in Japan created market niches for initial deployment and
government procurement and incentive policies in Germany, Italy, Spain, United States,
China, Australia and India fostered a global market. Lithium-ion (Li-lon) batteries were
initially developed through public and private research that took place mostly in lapan, their
first energy-related commercial operation was made possible in the United States, and mass
manufacturing today is primarily in China,

Many of the biggest clean energy technology challenges could benefit from a more targeted
approach to speed up progress [Diaz Anadon, 2012; Mazzucata, 2018). Inthe NZE, concerted
government action leverages private sector investment and leads to advances in clean
energy technologies that are currently at different stages of development.

®  To 2030, the focus of government action is on bringing new zero- or low-emissions
technologies to market. For example, in the NZE, steel starts to be produced using low-
emissions hydrogen at the scale of a conventional steel plant, large ships start to be
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fuelled by low-emissions ammonia and electric trucks begin operating on solid state
batteries. In parallel, there is rapid acceleration in the deployment of low-emissions
technologies that are already available on the market but that have not yet reached
mass market scale, bringing down the costs of manufacturing, construction and
operating such technologies due to learning-by-doing and economies of scale,

B From 2020 to 2040, technology advances are consolidated to scale up nascent low-
emissions technologies and expand clean energy infrastructure. Clean energy
technologies that are in the laboratory or at small prototype stage today become
commaercial. For example, fuels are replaced by electricity in cement kilns and steam
crackers for high value chemicals production.

B From 2040t 2050, technologies at a very early stage of development today are adopted
in promising niche markets. By 2050, clean energy technologies that are at
demonstration or large prototype stage today become mainstream for purchases and
new installations, and they compete with present conventional technologies in all
regions, For example, ultra high-energy density batteries are used in aircraft for short
flights.

4.5.5 Intermational co-operation

The pathway to net-zero emissions by 2050 will require an unprecedented level of
international co-operation between governments. This is not only a matter of all countries
participating in efforts to meet the net zero goal, but also of all countries working together
in an effective and mutually beneficial manner. Achieving net-zero emissions will be
extremely challenging for all countries, but the challenges are toughest and the solutions
least easy to deliver in lower income countries, and technical and financial support will be
essential to ensure the early stage deployment of key mitigation technologies and
infrastructure in many of these countries. Without international co-operation, emissions will
not fall to net zero by 2050,

There are four aspects of international co-operation that are particularly important [Victor,
Geels and Sharpe, 2019).

= nternational demand signals and economies of scale. International co-operation has
been critical to the cost reductions seen in the past for many key energy technologies.
It can accelerate knowledge transfer and promote economies of scale. It can also help
align the creation of new demand for clean energy technologies and fuels in one region
with the development of supply in other regions. These benefits need to be weighed
against the importance of creating domestic jobs and industrial capacities, and of
ensuring supply chain resilience.

®  Managing trade and competitiveness. Industries that operate in a number of countries
need standardisation to ensure inter-operability. Progress on innovation and clean
energy technology deployment in sectors such as heavy industry has been inhibited in
the past by uncoordinated national policies and a lack of internationally agreed
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The

standards. The development of such standards could accelerate energy technology
development and deployment,

Innovation, demonstration and diffusion. Clean energy R&D and patenting is currently
concentrated in a handful of places: United States, Europe, Japan, Korea and China
accounted for more than 90% of clean energy patents in 2014-18. Progress towards
net-zero emissions would be increased by moving swiftly to extend experience and
knowledge of elean energy technologies in countries that are not involved in their initial
development, and by funding first-of-a-kind demonstration projects in emerging market
and developing economies. International pregrammes to fund demonstration projects,
especially in sectors where technologies are large and complex, would accelerate the
innovation process (IEA, 2020i).

Carbon dioxide removal {CDR) programmes. COR technologies such as bioenergy and
DAC equipped with CCUS are essential to provide emissions reductions at a global level.
International co-operation is needed to fund and certify these programmes, 50 as to
make the most of suitable land, renewable energy potential and storage resources,
wherever they may be. International emissions trading mechanisms could play a role in
offsetting emissions in some sectors or areas with negative emissions, though any such
mechanisms would reguire a high degree of co-ordination to ensure market functioning
and integrity.

MWZE assumes that international co-operation policies, measures and efforts are

introduced to overcome these hurdies. To explore the potential implications of a failure to
do so, we have devised a Low International Co-operation Case (Box 4.2), This examines what
would happen if national efforts to mitigate climate change ramp up in line with the level of

effort in the NZE but co-operation frameworks are not developed at the same speed. (tshows
that the lack of international co-operation has a major impact on innovation, technology
demonstration, market co-ordination and ultimately on the emissions pathway.

Box 4.2 > Framing the Low International Co-operation Case

Todevelop the Low lnternational Co-operation Case, technologies and mitigation options
were assessed and grouped based on their current degree of maturity and the
importance of international co-operation to their deployment. Mature technologies in
markets that are firmly established and that have a low exposure to international co-
operation are assumed to have the same deployment pathways as in the MNZE.
Technologies and mitigation options where co-operation is needed to achieve scale and
avold duplication, that have a large exposure to international trade and competitiveness,
that depend on large and very capital-intensive demonstration programmes, or that
require support to create market pull and standardisation to ensure inter-operability, are
assumed to be deployed more slowly (Malhotra and Schmidt, 2020}, Compared with the
NZE, these technologies are delayed by 5-10 years in their initial deployment in advanced
economies and by 10-15 years in emerging market and developing economies.
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Figure 4.24 = CO: emissions in the Low International Co-operation Case

and the NIE
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Waeak international co-operation slows the deployment of mitigation options that are
currently in the demonstration phase (Figure 4.24). This includes emissions reductions in
heavy industry, trucks, aviation, shipping and CDR. The energy transition proceeds unevenly
as a result. Over the next 20 years in the Low International Co-operation Case, emissions
decline at a rapid but still slower pace than in the NZE in electricity generation, cars, light
industry and buildings. However, emissions reductions are much slower in other areas. After
the mid-2030s, the pace of emissions reductions worldwide slows markedly relative to the
WZE, and the transition to net zero is delayed by decades. lust over 40% of the 15 Gt CO; of
ermissions remaining in 2050 are in heavy industry, where the slower pace of demonstration
and diffusion of mitigation technologies is particularly significant [Figure 4.25). A further
one-third of the residual emissions in 2050 are from aviation, shipping and trucks. Here the
slower scale up and diffusion of advanced biofuels, hydrogen-based fuels and high-energy
density batteries hinders progress. The absence of co-operation to support the deployment
of new projects in emerging market and developing economies means that emissions
reductions there are much slower than in the NZE.

These results highlight the importance for governments of strengthening international
co-operation. A strong push is needed to accelerate innovation and the demonstration of
key technologies, especially for complex technologies in emerging market and developing
economies where costs for first-of-a-kind projects are generally higher, and to address
concerns about international trade and competitiveness so as to ensure a just transition for
all,
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Filgure 4.25 = CO: emissions in the Low International Co-operation Case and

the NIE in selected sectors in 2050
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Tables for scenario projections

General note to the tables

This annex includes global historical and projected data for the Net-Zaro Emissions by 2050
scenario for the following data sets: energy supply, energy demand, gross electricity
generation and electrical capacity, carbon dioxide (C0O;) emissions from fossil fuel
combustion and industrial processes, and selected economic and activity indicators.

The definitions for fuels and sectors are in Annex C. Common abbreviations used in the tables
include: EJ = exajoules; CAAGR = compound average annual growth rate; CCUS = carbon
capture, utilisation and storage. Consumption of fossil fuels in facilities without CCUS are
classified as “unabated”,

Both in the text of this report and in the tables, rounding may lead to minor differences
between totals and the sum of their individual components. Growth rates are calculated on
a compound average annual basis and are marked “n.a.” when the base year is zero or the
value exceeds 200%. Nil values are marked “-*,

To download the tables in Excel format go to: iea.lifnzedata.

Data sources

The formal base year for the scenario projections is 2019, as this is the last year for which a
complete picture of energy demand and production is available. However, we have used
mare recent data when available, and we include our 2020 estimates for energy production
and demand in this annex. Estimates for the year 2020 are based on updates of the IEA's
Glabal Energy Review reports which are derived from a number of sources, including the
latest monthly data submissions to the IEA's Energy Data Centre, other statistical releases
from national administrations, and recent market data from the IEA Market Report Series
that cover coal, oil, natural gas, renewables and power.

Historical data for gross electrical capacity are drawn from the 5&F Global Market
Intelligence World Electric Power Plants Database [March 2020 wersion) and the
International Atomic Energy Agency PRIS database.

Definitional note: A.1, Energy supply and transformation table

Total energy supply [TES) is equivalent to electricity and heat generation plus “other energy
sector” excluding electricity and heat, plus total final consumption (TFC) excluding electricity
and heat. TES does not include ambient heat from heat pumps or electricity trade. Solar in
TES includes solar PV generation, concentrating solar power and final consumption of salar
thermal. Other renewables in TES include geothermal, and marine [tide and wave) energy
for electricity and heat generation. Hydrogen production and biofuels production in the
other energy sector account for the energy input required to produce merchant hydrogen
{mainly natural gas and electricity) and for the conversion losses to produce biofuels (mainly
primary solid biomass) used in the energy sector. While not itemised separately, non-
renewable waste and other sources are included in TES,
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Definitional note: A.2. Energy demand table

Sectors comprising total final consumption (TFC) include industry (energy use and feedstock),
transport, buildings (residential, services and non-specified other) and other {agriculture and
ather non-energy use). Energy demand from international marine and aviation bunkers are
included in transport totals,

Definitional note: A.3. Electricity tobfes

Electricity generation expressed in terawatt-hours (TWh) and installed electrical capacity
data expressed in gigawatts (GW) are both provided on a gross basis (i.e. includes own use
by the generator). Projected gross electrical capacity is the sum of existing capacity and
additions, less retirements, While not itemised separately, other sources are included in total
electricity generation,

Definitional note: A4, CO; emissions toble

Total CO; includes carbon dioxide emissions from the combustion of fossil fuels and
non-renewable wastes, from industrial and fuel transformation processes (process
emissions) as well as CO; removals. Three types of CO; removals are presented:

®  Captured and stored emissions from the combustion of bioenergy and renewable
wastes (typically electricity generation).

®  Captured and stored process emissions from biofuels production.

®  Captured and stored carbon dioxide from the atmosphere, which is reported as direct
air carbon capture and storage (DACCS).

The first two entries are often reported as bioenergy with carbon capture and storage
[BECCS). Note that some of the CO; captured from biofuels production and direct air capture
is used to produce synthetic fuels, which is not included as CO; removal.

Total CO; captured includes the carbon dioxide captured from CCUS facilities (such as
electricity generation or industry) and atmospheric CO; captured through direct air capture
but excludes that captured and used for urea production.

Definitional note: A.5. Economic and activity indicators

The emission intensity expressed in kilogrammes of carbon dioxide per kilowatt-hour
Ikg COxkWh) is calculated based on electricity-only plants and the electricity component of
combined heat and power [CHP) plants,

Cther abbreviations used include: PPP = purchasing power parity; Gl = gigajoules;
Mt = million tonnes; pkm = passenger-kilometres; tkm = tonnes-kilometres; m® = square
metres,

! To derive the associated electricity-only emissions from CHP plants, we assume that the heat production of
a CHP plant is S0% efficient and the remainder of the fuel input s aflocated to electricity generation.
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Table A.1: Energy supply and transformation

Emargy supply {£1] Shares (% CAAGR (%)
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Table A.2: Energy demand

Energy dermand (F1) Shares (%) CAAGR (%)

2020- 2020
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rhydromen & & & F, 0 g a 54 ag
Lymithvesic et ane . . a i -1 . a 1 ma n,a
o &7 58 A 28 (] 15 [ 1 14
a3 a9 &1 Al is 22 18 ] 36 -3
39 33 & 5 5 8 i T .8 q
33 30 38 21 19 2 10 i f 53
13 13 12 ) € 3 k) 2 -1.2 2.7
3 3 7 11 15 1 Z 4 82 52
162 157 1o 168 160 100 100 10 o8 01
35 a5 47 7] T4 b 28 A £ 5
Liguid fuels 31 a1 31 27 23 20 18 15 2 04
Ol 31 31 31 7 23 in 18 15 «0:2 05
Gaseous fuels 3 a2 35 L] 8 20 21 18 10 04
Ricanathans - i ] 2 4 3] i} 3 23 g
Iydregen - a 1 5 ] F. 3 14 5
dbated naturnl gos 2 33 30 F g 0 a [ 05 ]
Satural gas with OCLS (+ a 5 T (v} i 1f il
Sodid fuels 58 52 Bl 40 o EE] an 18 0.3 1.9
Tamass o q 15 q i0 [} q 3 52 28
inbated eoal 48 a3 35 15 i 28 20 2 23 A0
Lol wath COUS [+ ] 1 5 7 g i 1 41 3]
Heat & & & 3 2 L] 3 -132 1.5
Other a a 3 4 a 1 2 13 14
Irdory s Stew] 3E 33 a7 15 33 21 72 a0 1.1 032
Charnicals 22 20 26 ol 5 3 15 .7 0
Cement 12 18 11 11 i 10 7 T 33 =13
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Table A.2: Energy demand

Energy darmand {£1) : CARGR (%)

2020

2030
2030 2050

Trarsport 122 105 102 a5 ED 00 100 100 4.3 0.9
Electricity 1 1 7 22 35 1 T M 17 11
Licpuid fuets 115 99 ] 53 30 a4 &7 38 <10 38
Brsfupsls A 3 13 15 6 3 3 5| 3 EER
] 1l o6 Ta 3 9 q k| 12 22 74
Gaseous fuels 5 5 (] bi+] 15 5 ] 18 1 37
Biumethine [+ 0 2 o a 2 #3
Hydrogen e} L] 1 g i g & a2 3
Natural gas g 5 ] ,, i £ A 5 i
Rosd a0 b )8 73 57 50 i T3 63 £8 L}
PassengEr cars a7 a1 30 ] 7 g Pl 21 3 ]
Truchs Fr 25 28 7 ] 2 7 B J.4
Awdathon 14 ] 13 13 14 8 3 18 46 L7
Shigrlrig s 11 11 i 10 10 1 12 o4 43
Buildings 129 127 L] 85 BG 100 100 100 24 1.3
Electricity 43 43 45 51 57 as A& [ o7 1o
Liquid fets b 13 9 4 2 10 10 2 3.2 B4
Mnhsels, ] 11 Q 1 o o 1 ki 12
ol 3 i q 4 1 ] 34 7.7
Gaseous fuels g 28 23 13 1] 22 23 ¥ -2.1 -5
faomthane [ i 3 a 1 25 11
Hydrugen 0 2 2 2 e} 2 2 103 27
Katura gas 10 28 14 ? 3 20 a8
Solid fuels 34 £ n 7 L 27 10 7 =11 5.5
Medern boinass 5 5 9 7 B 4 a i &9 ok )
il use of Biomass 5 a5 0 i Wi
it 1 n Q 3 4 ¥ 21
7 T & 5 a 5 [ 5 -1.3 -1.6
2 3 5 g 11 i 5 12 7.1 4.8
Reslderiial a1 & a7 59 L] N ar &7 10 15
Servioes 38 34 £ 30 28 29 33 13 1.2 0149
Other 22 3 22 20 18 100 100 100 4.8 0.9
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Table A.3: Electricity

Electricity Generation {TWH) Shawes (%)

2020-  2020-

DF0 2030 2
050 2020 2030 2050 o o

Total generation 26922 26778 g 100 100 34 33
Renewables 7153 TEAD 29 &1 B8 12 72
Sdor Ay 665 f1 3 L 13 24 2
Wimd 433 1532 B 2 15 B 9.5
ydro 4 294 4418 7 & 12 28 F
EES Tie ! 3 1 3 7.0 5.2

o &7 | i L, .8

s ] id 204 f80 o} 2 3 7
Geothermma| P o 330 BFS . o 1 1 15
inine ) 27 i 137 ¥ Q G i 34
Mudhear 2792 1698 2777 485%F 5497 10 b1+ ] 34 24
Hydrogen-based - - ars 14857 1713 - 2 2 na. na.
Fossil frels with CCUS 1 1 453 1658 1332 9 ik 2 61 21
Coal with CCUS 4 285 aER Ba3 o 1 £ bl }
Nvturad jzs with OCUS E 170 a9l ] . + 1 na. na.
Unabated fossil fuels 16941 16382 9358 &3 259 61 25 o 54 -13
Crial o 32 QAR5 2947 a e a5 B G 1t =40
Narturil gas &34 i 260 &1 678 253 23 7 4 o0 ]
o [ ] 756 189 5] ] 3 1 G -13 -15

2020- 200~
H020 2050

Total capacity 7484 7795 14933 26384 33815 100 100 100 6.7 50
Renewables 1707 2834 10293 073X 2656R 38 &8 8D 13 15
Sodar BY =3 AT 1958 109230 14: 9 13 13 21 o
Wind 623 AT iln 6525 BZ65 8 21 25 5 L
Pyefran 06 L3a7 acd 2282 2595 17 2 i 3.1 .3
HeEnengy 53 imn 297 34 Lt 4 F 2 a7 4.5
28 125 152 T) r] maa .
i & 3 73 281 176 o ] 15
Geothermal 5 15 52 o2 76 s ¢ s 3 T4
Sharine 1 L] 55 4] o 1) E
Muchear 415 415 515 730 a12 5 E] 2 22 23
Hydrogen-based . - 135 1455 1867 - 1 & na  na
Forssil fels with CCUS [+ 1 a1 312 384 0 1 1 66 25
Coal with CCUS o ] 53 182 232 o i 59 23
N | gas with OCLS E 28 130 171 & 1 . R
Unabated fossél fuels 4 351 4368 3320 1151 &7 56 2 2 2.7 &0
Cosl 1k 2117 192 A3 158 47 & G 56 -B3
vturd gas 1788 L2 950 679 A95 &3 i3 1 [ 4.3
L] 440 422 178 a9 5 3 } o .3 0L
Battery storge 1 1 585 2005 3097 0 4 9 A2 19
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Table A.4: CO, emissions

L0y emissions (AT COLY

2020 2030 2050

Totsl CO* 35926 33903 21147 6316 a A6 554
Combustion activities (+) 13499 31582 19254 B 03D 9440 48 -1
Coal 14 BBD 14 110 5915 1259 195 B3 13
Hl 11505 10 264 T426 ERFL] 228 3.2 .7
Matwral gas J258 7138 5560 153 56k BE: 8.1
Bioenergy and waste Fid n - 48 -518 - F48 na na.
Industry removals (-] 1 1 214 314 1186 e I
Bicfuels preduction 1 1 142 ELH 583 BB 4
Dwrect sir capiure - - 71 5 633 fd Mid.
Elcctrichty and heat sectars 132 13504 5 EE im -3en 8.1 et
Ceal 10935 G786 2350 2 =] 11 <15
[&]] B55 628 173 & & 12 -14
Namral gas R 3082 2 781 268 1% 1.0 S b
Bezenergy and wasie - - -B7 - 457 -572 i na.
Dther cnergy sector® 1457 1472 Ema -B5 - 368 74 Al
Fimal cansumption® 20 647 18928 173 700 1370 2.5 £.4
Coal 4 485 4171 2 935 1 1E6 117 -i5 -1l
ol | Relerr s ST Ba73 3242 580 2.6 1.5
Matural gas 3451 EEEH] 2 668 1453 303 22 LT
Bigenergy and wasie 5 7l a0 - 70 - 175 56 .
|ty ™ E 3 BaTE 6892 3 4ES SIIEI ?.l:'? 89
Iren and 5toed 1507 2345 1778 853 m =LF B
Chermicals 1344 1296 1159 654 21 4.8 2.5
Coment 2461 2334 1899 906 133 20 a1
Transport B 200 T153 5719 2 bES BED 2.2 .5
Road 6116 5483 4077 1793 340 g} B
PELEnnpoT car 311 &G 1 66 LAY ES o | 1l
rucks 1 R3S L7 1 614 Eod 155 oG B
Aviation 1015 621 783 469 210 2.4 3.5
Shipping 583 BO0 Fiekd 348 122 L3 1
Bulldings 3 007 7 860 LR09 GRS 12 4.5 i1}
Fessiclential 2030 1 968 1377 541 108 -3.5 5.2
Serdces 87 892 432 144 14 -1 -13
Tatal CO, removals 1 1 317 1457 1936 79 28
Tatal CO, eaptured 40 40 1 BES S619 T e 45 19

*inchimdey Indirdrinl procemid pmiiiaeg
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Table A.5: Economic and Activity Indicators

020

2030
Fopulation dmillian] 7672 7753 8505 8155 9882 08 47
GOP (LS 2019 billion, F2R) 134710 128276 1BAC3T G980 316411 3T 31
GOP per capita (USD 2019, PRE) 17558 16545 2163 26975 e 27 23
TES/GOP (G per LUSD 1 000, PRR) 4543 4578 2873 2164 1,716 =13 =32
TRC/GDP (G per LISD L 000, PPA) 3331 31208 2.139 1488 1.088 =10 <35
TES per capita {Gl) 7977 7574 6433 583 5653 16 .18
€0, intensity of electricity generation D468 QA 0138 0001 00SS | 11 na.
{kg CO; per kiWh)

2020-

2030
Industrial production
Primary chiemicals {Mt) 538 529 841 685 688 19 09
Steel (V2] 1889 1781 1937 1958 g 08 o4
Cernent (Mt 4715 4054 4258 4129 403 05  -om
Transport
Fassingr cars (billion plon) 15300 14261 15775 19158 517 10 1B
Trucks {billion tkm) 6648 35761 38072 49758 59990 40 20
Awiation (bilion plm) 8506 5474 10271 11573 14586 65 13
Shipping (billion tken} 107225 109153 155621 209905 291032 £ 13
Buiildings
Services floor area {milkion m?) 40670 A9825  SBEET GAS7E  7EIST 17 15
Fesidential floor oren jmillion mé) 190062 192558 235745 M0696 35183 10 HE
Willion households 2095 2116 2435 2765 3081 14 1.2

200 International Energy Agency | Special Report



Technology costs

Electricity generation

Table B.1 Electricity generation technelegy costs by selected region
in the NZE
Financing Capital Capacity factor Fuel, Oy

rate

All 2020 2030 2050 2020 2030

United States

Nuclear A S000 4800 4500 90 KO V3 30 30 30 105 110 110
Coal 80 2100 2100 2100 20 po me. 90 170 235 220 aa e,
Gas CCGT ] 1000 1000 1000 55 25 no 50 B0 105 70 125 ne.
Solar PV 37 1140 620 40 21 22 23 10 10 10 50 30 20
Wind onshore 37 1540 1420 1320 42 43 44 i 10 10 35 35 30
Wind offshore 45 4040 2080 1480 42 46 4B 35 20 15 115 650 40
European Unian

Nudlear 50 GEOD 5100 4500 5 75 i 5 i35 35 150 120 115
Coal 5.0 2000 2000 2000 20 po me 120 205 275 250 na na
Gas CCGT 8.0 100 1000 1000 40 20 nme 6 95 120 100 150 ne
Solar PV 1.2 7890 a60 3a0 13 14 14 10 10 10 55 a5 25
Wind onshore 32 1540 1420 1300 29 a0 i1 15 15 15 35 45 40
Wind offshore 40 3600 2020 1420 51 56 59 15 10 5 75 40 25
China

Nuciear 1.0 2800 2800 2500 &0 &0 8O 25 25 25 65 63 60
Ceal 7.0 0D 500 80O 60 na o 75 135 155 90 neo oo
Gas CCGT 7.0 560 560 560 45 35 nma 75 100 120 80 115 e
Solar PV 35 750 400 280 17 1B 1% 10 5 5 a0 25 15
Wind onshore 35 1220 1120 1040 26 27 27 15 10 10 45 40 40
Wind offshore 43 2E40 1560 1000 34 41 43 25 15 10 85 45 30
India

Nuciear 7.0 2§00 2800 2800 0 TO 70 an 30 30 73 75 75
Coal T.0 1200 1200 1200 50 no e i m0 75 65 no no.
Gas CCGT 7.0 J00 J00 Joo 55 50 ne 45 45 50 55 60 na
Solar PY 58 580 310 220 20 11 A1 5 5 5 33 1 15

Wind onshore 5.8 1040 980 940 26 & 29 10 10 10 50 45 40
Wind offshore 66 2980 1680 1180 32 37 38 25 15 W 130 70O 45

Notes: ORM = operation and maintenance; LOOE = levelised cost of electricity; kW = kllowatt; MWh =
megawatt-hour; COGT = combined-cycle gas turbine; n.a. = not applicable. Cost components and LCOE figures
are rounded.

Sources! |EA anatysis: IRENA Renewable Costing Alliance; IRENA {2020).
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B Major contributors to the LCOE include: overnight capital costs: capacity factor that
describes the average output over the year relative to the maximum rated capacity
(typical values provided); the cost of fuel inputs; plus operation and maintenance.
Economic lifetime assumptions are 25 years for solar PV, onshore and offshore wind.

B Weighted average costs of capital (WACC) reflect analysis for utility-scale solar PV in the
World Energy Outlook 2020 (IEA, 2020) and for offshore wind from the Offshore Wind
Outlook 2019 (IEA, 2019). Onshore wind was assumed to have the same WACC as utility-
scale solar PV. A standard WACC was assumed for nuclear power, coal- and gas-fired
power plants [7-8% based on the stage of economic development),

B Fuel, CO: and O&M costs reflect the average over the ten years following the indicated
date in the projections.

B The capital costs for nuelear power represent the “nth-of a-kind” casts for new reactor
designs, with substantial cost reductions from the first-of-a-kind projects.
Batteries and hydrogen

Table B.2 = Capital costs for batteries and hydregen preduction
technologies in the NIE

2020 2030 2050
Battery packs for transport applications {USD/kwh] 130- 155 75-90 55 - 80
Low -temperature electrolysers (USD/AW,) #35-1300 255-515 200 - 390
Natural gas with CCUS (USDYRW Ha) 1155-2010 990-1725 935 -1625

Notes: kWh = kilowatt-hour; kW, = kilowatt electric; CCUS = carben capture, utilisation and storage; Ha =
hydrogen. Capital costs for electrolysers and hydrogen production from natural gas with CCUS are overnight
cosls,

Source! IEA analysis.
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Annex C

Definitions

This annex provides general information on terminology used throughout this report
including: units and general conversion factors; definitions of fuels, processes and sectors;
reglonal and country groupings; and abbreviations and acronyms,

Units
Area km? square kilometre
Mha million hectares
Batteries Whike Watt hours per kilogramme
Coal Mtce million tonnes of coal equivalent equals 0.7 Mtoe)
Distance km kilometre
Emissions ppm parts per million {by volume)
t£0; tonnes of carbon dioxide
Gt COy-eq gigatonnes of carbon-dioxide equivalent [using 100-year global
warming patentials for different greenhouse gases)
kg COz-eq kilogrammes of carbon-dioxide equivalent
£ COu/km grammes of carbon dioxide per kilometre
kg CO:/kWh  kilogrammes of carbon dioxide per kilowatt-hour
Energy EJ exajoule
Pl petajoule
T) terajoule
Gl gigajoule
M megajoule
boe barrel of oil equivalent
toe tanne of afl equivalent
ktoe thousand tonnes of oil equivalent
Mtoe million tonnes of oil equivalent
MBtu million British thermal units
kwWh kilowatt-hour
MWh megawatt-hour
GWh gigawatt-hour
TWh terawatt-hour
Gas bem billion cubic metres
tem trillion cubic metres
Mass kg kilogramme {1 000 kg = 1 tonne)
kt kilotonnes (1 tonne x 10%)
Mt million tonnes (1 tonne x 10°)
Gt gigatonnes (1 tonne x 109)
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USD million
UsD billion
UsD trillion
UsD/feCo;

Monetary

il kb/d
mhb,fd
mboefd

Power W
kw
MW
GW
TW

1 US dollar x 10°

1 US dollar x 107

1 US dallar x 102

U5 dollars per tenne of carbon dioxide

thousand barrels per day
million barrels per day
million barrels of oil equivalent per day

watt (1 joule per second)
kilowatt (1 watt x 10%)
megawartt (1 wart x 10%)
gigawatt {1 wattx 107)
terawatt (1 wattx 10%)

General conversion foctors for energy

Multiplier to convert to:

23g.8x 10° 2388 9.47.8x 1P 2778 x 10°
1 107 3.968 1.163 x 10°%
10" 1 3968 x 107 11630
0.252 252 x10% 1 2931 % 104
B60 B6x10° 3412 1

Nate: There is no generally accepted definitien of boe; typically the conversion factors used vary from 7.15 0

. E 1
E &
3 Geal  4.1868x10
E  Mtoe 4.1868x 107
§  mBtu  1.0551x107
L)
GWh 3.6x10*
7.40 boe per Loe.
Currency conversions

Exchange rates

(2019 annual overage)

1 US dallar (USD)

equals:

British Pound

Chinese Yuan Renminbi
Euro

Indian Rupeea
Indonesian Rupiah
Japanese Yen

Russian Ruble

South African Rand

0.78

0.91

0.89
70.42

14 147.67
108.01
64.74
14.45

Source: QECD National Accounts Statistics! purchasing power parities and exchange rates dataset, July 2020,
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Definitions

Advanced bloenergy: Sustainable fuels produced from non-food crop feedstocks, which are
capable of delivering significant lifecyele greenhouse gas emissions savings compared with
fossil fuel alternatives, and which do not directly compete with food and feed crops for
agricultural land or cause adverse sustainability impacts. This definition differs from the one
used for “advanced biofuels” in US legislation, which is based on a minimum 50% lifecycle
greenhouse gas reduction and which, therefore, includes sugar cane ethanol.

Agriculture: Includes all enargy used on farms, in forestry and for fishing.

Agriculture, forestry and other land use [AFOLU) emissions: Includes greenhouse gas
emissions from agriculture, forestry and other land use.

Ammeonia (NHs): |s a compound of nitrogen and hydrogen. It can be used directly as a fuel in
direct combustion process, and in fuel cells or asa hydrogen carrier. To be a low-carbon fuel,
ammaonia must be produced from low-carbon hydrogen, the nitrogen separated via the
Haber process, and electricity needs are met by low-carbon electricity.

Aviation: This transport mode includes both domestic and international flights and their use
of aviation fuels. Domestic aviation covers flights that depart and land in the same country;
flights for military purposes are also included. International aviation includes flights that land
in a country other than the departure location.

Back-up generation capacity: Households and businesses connected to a main power grid
may also have back-up electricity generation capacity that, in the event of disruption, can
provide electricity. Back-up generators are typically fuelled with diesel or gasoline and
capacity can be as little as a few kilowatts. Such capacity is distinct from mini-grid and off-
grid systems that are not connected to a main power grid.

Bindiesel: Diesel-equivalent, processed fuel made from the transesterification (a chemical
process that converts trighycerides in oils) of vegetable oils and animal fats.

Bicenergy: Energy content in solid, liquid and gaseous products derived from biomass
feedstocks and biogas. It includes solid biomass, liquid biofuels and biogases.

Biogas: A mixture of methane, carbon dioxide and small quantities of other gases produced
by anaerobic digestion of organic matter in an oxygen-free environment.

Biogases: Include biogas and biomethane.

Biomethane: Biomethane is a near-pure source of methane produced either by upgrading
biogas (a process that removes any C0: and other contaminants present in the biogas) or
through the gasification of solid biomass followed by methanation. It is also known as
renewable natural gas.

Buildings: The buildings sector includes energy used in residential, commercial and
institutional buildings and non-specified other. Building energy use includes space heating
and cooling, water heating, lighting, appliances and cooking equipment,
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Bunkers: Includes both international marine bunkers and international aviation burnkers.

Capacity credit: Proportion of the capacity that can be reliably expected to generate
electricity during times of peak demand in the grid to which it is connected.

Carbon capture, utilisation and storage (CCUS): The process of capturing CO; emissions from
fuel combustion, industrial processes or directly from the atmosphere, Captured CO;
emissions can be stored in underground geological formations, onshore or offshore or used
as an input or feedstock to create products.

Clean energy: Includes renewables, energy efficiency, low-carbon fuels, nuclear power,
battery storage and carbon capture, utilisation and storage.

Clean cooking facilities: Cooking facilities that are considered safer, more efficient and more
environmentally sustainable than the traditional facilities that make use of solid biomass
Isuch as a three-stone fire). This refers primarily to improved solid biomass cookstoves,
biogas systems, liquefied petroleum gas stoves, ethanaol and solar stoves.

Coal: Includes both primary coal (including lignite, coking and steam coal) and derived fuels
lincluding patent fuel, brown-coal briquettes, coke-oven coke, gas coke, gas-works gas, coke-
aven gas, blast furnace gas and oxygen steel furnace gas). Peat is also included.

Concentrating solar power [C5P): Solar thermal power/felectric generation systems that
collect and concentrate sunlight to produce high temperature heat to generate electricity.

Conventional liquid biofuels: Fuels produced from food crop feedstocks, These liquid
biofuels are commonly referred to as first generation and include sugar cane ethanol, starch-
based ethanol, fatty acid methyl esther [FAME) and straight vegetable oil (SVO).

Decomposition analysis: Statistical approach that decomposes an aggregate indicator to
quantify the relative contribution of a set of pre-defined factors leading to a change in the
aggregate indicator. This report wses an additive index decomposition of the type
Logarithmic Mean Divisia Index (LMDI).

Demand-side integration (D51): Consists of two types of measures: actions that influence
load shape such as energy efficiency and electrification; and actions that manage load such
as demand-side response.

Demand-side response (D%R): Describes actions which can influence the load profile such as
shifting the load curve in time without affecting the total electricity demand, or load
shedding such as interrupting demand for short duration or adjusting the intensity of
demand for a certain amount of time.

Dispatchable generation: Refers to technologies whose power output can be readily
controlled - increased to maximum rated capacity or decreased to zero - in order to match
supply with demand.

Electricity demand: Defined as total gross electricity generation less own use generation,
plus net trade (imports less exports), less transmissions and distribution losses.
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Electricity generation: Defined as the total amount of electricity penerated by power only or
combined heat and power plants including generation required for own use. This is also
referred to as gross generation.

Energy sector CO; emissions: Carbon diexide emissions from fuel combustion (excluding
non-renewable waste), Note that this does not include fugitive emissions from fuels, CO;
from transport, storage emissions or industrial process emissions.

Energy sector GHG emissions: CO; emissions from fuel combustion plus fugitive and vented
methane, and nitrous dioxide (NQ) emissions from the energy and industry sectors,

Energy servicas: 5ee useful enargy.

Ethanol: Refers to bio-ethanol only. Ethanol is produced from fermenting any biomass high
in carbohydrates. Today, ethanol is made from starches and sugars, but second-generation
technologies will allow it to be made from cellulose and hemicellulose, the fibrous material
that makes up the bulk of most plant matter.

Fischer-Tropsch synthesis: Catalytic production process for the production of synthetic fuels.
Matural gas, coal and biomass feedstocks can be used.

Gases: Includes natural gas, biogases, synthetic methane and hydrogen.

Geothermal: Geothermal energy is heat derived from the sub-surface of the earth, Water
and/or steam carry the geothermal energy to the surface. Depending on its characteristics,
geothermal energy can be used for heating and cooling purposes or be harnessed to
generate clean electricity if the temperature is adequate.

Heat (end-use): Can be obtained from the combustion of fossil or renewable fuels, direct
geothermal or solar heat systems, exothermic chemical processes and electricity (through
rasistance heating or heat pumps which can extract it from ambient air and liquids). This
category refers to the wide range of end-uses, including space and water heating, and
cooking in buildings, desalination and process applications in industry. It does not include
caaling applications.

Heat {supply): Obtained from the combustion of fuels, nuclear reactors, geothermal
resources and the capture of sunlight, It may be used for heating or cooling, or converted
inte mechanical energy for transport or electricity generation. Commercial heat sold is
reported under total final consumption with the fuel inputs allocated under electricity and
heat sectors.

Hydrogen: Hydrogen is used in the energy system to refine hydrocarbon fuels and as an
energy carrier in its own right. It is also produced from other energy products for use in
chemicals production. As an energy carrier it can be produced from hydrocarbon fuels or
from the electrolysis of water with electricity, and can be burned or used in fuel eells for
electricity and heat in a wide variety of applications. To be low-carbon hydrogen, either the
emissions associated with fossil-based hydrogen production must be prevented [for example
by carbon capture, utilisation and storage) or the electricity input to hydrogen produced
from water must be low-carbon electricity. In this report, final consumption of hydrogen
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includes demand for pure hydrogen and excludes hydrogen produced and consumed onsite
by the same entity, Demand for hydrogen-based fuels such as ammaonia or synthetic
hydrocarbons are considered separately.

Hydrogen-based fuels: Include ammonia and synthetic hydrocarbons (gases and liquids).
Hydrogen-based is used in figures to refer to hydrogen and hydrogen-based fuels.

Hydropower: The energy content of the electricity produced in hydropower plants, assuming
100% efficiency. It excludes output from pumped storage and marine [tide and wave ) plants.

Industry: The sector includes fuel used within the manufacturing and construction industries,
Key industry branches include iron and steel, chemicals and petrochemicals, cement, and
pulp and paper. Use by industries for the transformation of energy into another form or for
the production of fuels is excluded and reported separately under other energy sector,
Consumption of fuels for the transport of goods is reported as part of the transport sector,
while consumption by off-road vehicles is reported under industry.

International aviation bunkers: Includes the deliveries of aviation fuels to aircraft for
international aviation. Fuels used by airlines for their road vehicles are excluded. The
domastic/international split is determined on the basis of departure and landing locations
and not by the nationality of the airline. For many countries this incarrectly excludes fuels
used by domestically owned carriers for their international departures.

International marine bunkers: Covers fuels delivered to ships of all flags that are engaged in
international navigation, The international navigation may take place at sea, on inland lakes
and waterways, and in coastal waters, Consumption by ships engaged in domestic navigation
is excluded. The domesticfinternational split is determined on the basis of port of departure
and port of arrival, and not by the flag or nationality of the ship. Consumption by fishing
vessels and by military forces is excluded and included in residential, services and agriculture.

Investment: All investment data and projections reflect spending across the lifecycle of a
project, i.e. the capital spent is assigned to the year when it is incurred, Investments for oil,
gas and coal include production, transformation and transportation; those for the power
sector include refurbishments, uprates, new builds and replacements for all fuels and
technologies for on-grid, mini-grid and off-grid generation, as well as investment in
transmission and distribution, and battery storage. Investment data are presented in real
terms in year-2019 US dollars unless otherwise stated.

Light-duty vehicles (LOW): include passenger cars and light commercial vehicles (gross vehicle
weight <3.5 tonnes),

Liquid biofuels: Liquid fuels derived from biomass or waste feedstocks and include ethanol
and biodiesel. They can be classified as conventional and advanced liguid biofuels according
to the bioenergy feedstocks and technologies used to produce them and their respective
maturity. Unless otherwise stated, liquid biofuels are expressed in energy-equivalent
volumes of gasoline and diesel,
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Liguids: Includes oil, liquid biofuels (expressed in energy-eguivalent volumes of gasoline and
diesel), synthetic oil and ammaonia.

Low-carbon electricity: Includes renewable energy technologies, hydrogen-based
generation, nuclear power and fossil fuel power plants equipped with carbon capture,
utilisation and storage.

Low-emissions fuels: Include liquid biofuels, biogas and biomethane, hydrogen, and
hydrogen-based fuels that do not emit any CO; from fossil fuels directly when used and also
emit very little when being produced.

Marine: Represents the mechanical energy derived from tidal movement, wave maotion or
ocean current and exploited for electricity generation.

Merchant hydrogen: Hydrogen produced by one company to sell to others; equivalent to
hydrogen reported in total final consumption.

Mini-grids: Small grid systems linking a number of households or other eonsumers.

Modern bioenergy: Includes modern solid biomass, liguid biofuels and biogases harvested
from sustainable sources. It excludes the traditional use of biomass.

Modern energy access: Includes household access to a minimum level of electricity;
household access to safer and more sustainable cooking and heating fuels, and stoves; access
that enables productive economic activity; and access for public services.

Modern renewables: Includes all uses of renewable energy with the exception of traditional
use of solid biomass.

Modern solid biomass: Refers to the use of solid biomass in improved cookstoves and
modern technologies using processed biomass such as pellets.

Natural gas: Comprises gases occurring in deposits, whether liguefied or gaseous, consisting
mainly of methane. It includes both “non-associated” gas ariginating from fields producing
hydrocarbons only in gaseous form, and “associated” gas produced in association with crude
oil as well as methane recovered from coal mines (colliery pas). Natural gas liquids [NGLs),
manufactured gas (produced from municipal or industrial waste, or sewage) and quantities
vented or flared are not included. Gas data in cubic metres are expressed on a gross calorific
value basis and are measured at 15 °C and at 760 mm Hg (“Standard Conditions"). Gas data
expressed in tonnes of oil equivalent, mainly for comparison reasons with other fuels, are on
a net calorific basis. The difference between the net and the gross calorific value is the latent
heat of vaporisation of the water vapour produced during combustion of the fuel (for gas the
net calorific value is 10% lower than the gross calorific value),

Natural gas liquids |MGLs): Liquid or liguefied hydrocarbons produced in the manufacture,
purification and stabilisation of natural gas. These are those portions of natural gas which
are recovered as liquids in separators, field facilities or gas processing plants. NGLs include
but are not limited to ethane (when it is removed from the natural gas stream), propane,
butane, pentane, natural gasaline and condensates.
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Metwork gases: Includes natural gas, biomethane, synthetic methane and hydrogen blended
in a gas network.

Mon-energy use: Fuels used for chemical feedstocks and non-energy products. Examples of
non-energy products include lubricants, paraffin waxes, asphalt, bitumen, coal tars and oils
as timber preservatives.

Nuclear: Refers to the primary energy equivalent of the electricity produced by a nuclear
plant, assuming an average conversion efficiency of 33%.

Off-grid systems: Stand-alone systems for individual households or groups of consumers,

Offshore wind: Refers to electricity produced by wind turbines that are installed in open
water, usually in the ocean.

Oil: il production includes both conventional and unconventional oil. Petroleum products
include refinery gas, ethane, liquid petroleum gas, aviation gasoline, motor gasoline, jet
fuels, kerosene, gas/diesel oil, heavy fuel oil, naphtha, white spirit, lubricants, bitumen,
paraffin, waxes and petroleumn coke.

Other energy sector: Covers the use of energy by transformation industries and the energy
losses in converting primary energy into a form that can be used in the final consuming
sectors. Itincludes losses by gas works, petroleum refineries, blast furnaces, coke ovens, coal
and gas transformation and liquefaction, biofuels production and the production of
hydrogen and hydrogen-based fuels. It also includes energy own use in coal mines, in oil and
gas extraction, in direct air capture, in biofuels production and in electricity and heat
production. Transfers and statistical differences are also included in this category.

Power generation: Refers to fuel use in electricity plants, heat plants and combined heat and
power [CHP) plants. Both main activity producer plants and small plants that produce fuel
for their own use (auto-producers) are included.

Productive uses: Energy used towards an economic purpose: agriculture, industry, services
and non-energy use. Some energy demand from the transport sector, e.g. freight, could also
be considered as productive, but is treated se parately.

Renewables: Includes bioenergy, geothermal, hydropower, solar photovoltaics (PV),
cancentrating solar power (C5P), wind and marine (tide and wave)] energy for electricity and
heat generation.

Residential: Energy used by households including space heating and cooling, water heating,
lighting, appliances, electronic devices and cooking equipment.

Services: Emergy used in commercial facilities, eg. hotels, offices, catering, shops, and
institutional buildings, e.g. schools, hospitals, offices. Energy use in services includes space
heating and cooling, water heating, lighting, equipment, appliances and cooking equipment,

Shale gas: Matural gas contained within a commaonly occurring rock classified as shale. Shale
formations are characterised by low permeability, with more limited ability of gas to flow
through the rock than is the case with a conventional reservoir. Shale gas is generally
produced using hydraulic fracturing.

210 International Energy Agency | Special Report



Shipping/navigation: This transport sub-sector includes both domestic and international
navigation and their use of marine fuels. Domestic navigation covers the transpert of goods
or persans on inland waterways and for national sea voyages (starts and ends in the same
country without any intermediate foreign port). International navigation includes quantities
of fuels delivered to merchant ships (including passenger ships) of any nationality for
consumption during international voyages transporting goods or passengers.

Saolar photovoltaic (PV): Electricity produced from salar photovoltaic cells.

Solid biomass: Includes charcoal, fuelwood, dung, agricultural residues, wood waste and
othar solid wastes,

Steam coal: Type of coal that is mainly used for heat production or steam-raising in power
plants and, to a lesser extent, in industry. Typically, steam coal is not of sufficient quality for
steel making. Coal of this quality is also commonly known as thermal coal.

Synthetic methane: Low-carbon synthetic methane is produced through the methanation of
low-carbon hydrogen and carbon dioxide from a biogenic or atmospheric source.

Synthetic oil: Low-carbon synthetic oil produced through Fischer Tropsch conversion or
methanol synthesis from syngas, a minture of hydrogen (H;) and carbon monoxide (CO).

Total energy supply |TES): Represents domestic demand only and is broken down into
electricity and heat generation, other energy sector and total final consumption.

Total final consumption [TFC): Is the sum of consumption by the various end-use sectors.
TFC is broken down into energy demand in the following sectors: industry (including
manufacturing and mining), transport, buildings (including residential and services) and
ather (including agriculture and non-energy use). It excludes international marine and
aviation bunkers, except at world level where it is included in the transport sector.

Total final energy consumption (TFEC): Is a variable defined primarily for tracking progress
towards target 7.2 of the UM Sustainable Development Goals. It incorporates total final
consumption (TFC) by end-use sectors but excludes non-energy use. It excludes international
marine and aviation bunkers, except at world level. Typically this is used in the context of
calculating the renewable energy share in total final energy consumption (Indicator 7.2.1 of
the Sustainable Development Goals), where TFEC is the denominator.

Total primary energy demand (TPED): See total energy supply

Traditional use of solid biomass: Refers to the use of solid biomass with basic technologies,
such as a three-stone fire, often with no or poorly operating chimneys.

Transport: Fuels and electricity used in the transport of goods or people within the national
territory irrespective of the economic sector within which the activity occurs. This includes
fuel and electricity delivered to vehicles using public roads or for use in rail vehicles; fuel
delivered to vessels for domestic navigation; fuel delivered to aircraft for domestic aviation;
and energy consumed in the delivery of fuels through pipelines. Fuel delivered to
international marine and aviation bunkers Is presented only at the world level and is
excluded from the transport sector at a domestic level.
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Trucks: Includes medium trucks (gross vehicle weight 2.5-15 tonnes) and heavy trucks
=15 tannes).

Useful energy: Refers to the enaergy that is available to end-users to satisfy their needs, This
is also referred to as energy services demand. As result of transformation losses at the paint
of use, the amount of useful energy is lower than the corresponding final energy demand for
moast technologies. Equipment using electricity often has higher conversion efficiency than
equipment using other fuels, meaning that for a unit of energy consumed electricity can
provide more energy services.

Wind: electricity produced by wind turbines from the kinetic energy of wind.

Waoody energy crops: Short-rotation plantings of woody biomass for bioenergy production,
such as coppiced willow and miscanthus.

Variable renewable energy (VEE): Refers to technologies whose maximum output at any
time depends on the availability of fluctuating renewable energy resources, VRE includes a
broad array of technologies such as wind power, solar PV, run-of-river hydro, concentrating
solar power (where no thermal storage is included) and marine (tidal and wave).

Zero-carbon-ready bulldings: A zero-carbon-ready building is highly energy efficient and
either uses renewable energy directly, or an energy supply that can be fully decarbonised,
such as electricity or district heat,

Zero-emissions vehicles (ZEVs): Vehicles which are capable of operating without tailpipe CO;
emissions (battery electric vehicles and fuel cell vehiclas).

Regional and country groupings

Advanced economies: OECD regional grouping and Bulgaria, Croatia, Cyprus™®, Malta and
Romania.

Africa: Morth Africa and sub-Saharan Africa regional groupings.

Asia Pacific: Southeast Asia regional grouping and Australia, Bangladesh, China, India, lapan,
Korea, Democratic People™s Republic of Korea, Mongolia, Mepal, New Zealand, Pakistan,
Sri Lanka, Chinese Taipei, and other Asia Pacific countries and territories.?

Caspian: Armenia, Azerbaijan, Georgia, Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan and
Uzbekistan,

Central and South America: Argentina, Plurinational State of Bolivia (Bolivia), Brazil, Chile,
Colombia, Costa Rica, Cuba, Curagao, Dominican Republic, Ecuador, El Salvador, Guatemala,
Haiti, Honduras, lamaica, Nicaragua, Panama, Paraguay, Peru, Suriname, Trinidad and
Tobago, Uruguay, Bolivarian Republic of Venezuela (Venezuela), and other Central and South
American countries and territories.

China: Includes the (Peaple's Republic of) China and Hong Kong, China.
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Figure C.1= Main country groupings

M North America  Centtral & South America B Europe I Africa © Middle East ™ Eurasia W Asla Pacific

Mese: This mapis withou prejudice tothe stntus o of soversignty Seed sy t=hitary, ta the dellendtation of intetnational fesntiers shd baundoriss
andiia the pame of any terinory, cty or anea,

Developing Asia: Asia Pacific regional grouping excluding Australia, Japan, Korea and
MNew Zealand,

Emerging market and developing economies: All other countries not included in the
advanced economies regional grouping.

Eurasia: Caspian regional grouping and the Russian Federation (Russia).

Europe: European Union regional grouping and Albania, Belarus, Bosnia and Herzegovina,
Morth Macedonia, Gibraltar, lceland, Israel®, Kosove, Montenegro, Norway, Serbia,
Switzerland, Republic of Moldova, Turkey, Ukraine and United Kingdom.

European Union: Austria, Belgium, Bulgaria, Croatia, Cyprus'?, Czech Republic, Danmark,
Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania,
Luxembourg, Malta, Netherlands, Poland, Portugal, Romania, Slovak Republic, Slovenia,
Spain and Sweden.

IEA (International Energy Agency): QECD regional grouping excluding Chile, Colombia,
Iceland, Israel, Latvia, Lithuania and Slovenia.

Latin America: Central and South America regional grouping and Mexico,

Middle East: Bahrain, Islamic Republic of Iran (Iran), Irag, Jordan, Kuwait, Lebanon, Oman,
Qatar, Saudi Arabia, Syrian Arab Republic (Syria), United Arab Emirates and Yemen.

Mon-0ECD: All other countries not included in the OECD regional grouping.

Non-OPEC: All other countries not included in the OPEC regional grouping,
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MNorth Africa: Algeria, Egypt, Libya, Moroceo and Tunisia,
North America: Canada, Mexico and United States.

OECD (Organisation for Economic Co-operation and Development): Australia, Austria,
Belgium, Canada, Chile, Colombia, Czech Republic, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Latvia, Lithuania,
Luxembourg, Mexico, Netherlands, Mew Zealand, Norway, Poland, Portugal, Slovak Republic,
Slovenia, Spain, Sweden, Switzerland, Turkey, United Kingdom and United States.

OPEC (Organisation of the Petroleum Exporting Countries): Algeria, Angola, Republic of the
Congo (Congo), Equatorial Guinea, Gabon, the Islamic Republic of Iran (Iran), Irag, Kuwait,
Libya, Nigeria, Saudi Arabia, United Arab Emirates and Bolivarian Republic of Venezuela
[Venezuela).

Southeast Asia: Brunei Darussalam, Cambodia, Indonesia, Lao People’s Democratic Republic
(Lao PDR]), Malaysia, Myanmar, Philippines, Singapore, Thailand and Viet Nam. These
countries are all members of the Association of Southeast Asian Mations [ASEAN).

Sub-Saharan Africa: Angola, Benin, Botswana, Cameroon, Republic of the Congo [Congal,
Céte d'lvolre, Democratic Republic of the Congo, Eritrea, Ethiopla, Gabon, Ghana, Kenya,
Mauritius, Mozambigue, Namibia, Miger, Nigeria, Senegal, South Africa, South Sudan, Sudan,
United Republic of Tanzania (Tanzania), Togo, Zambia, Zimbabwe and other African countries
and territories.®

Country notes

! Note by Turkey: The information in this document with reference to “Cyprus” relates to the southern part of
the island. There is no single authority representing both Turkish and Greek Cypriot people on the island.
Turkey recognises the Turkish Republic of Northern Cyprus (TRNC). Umtil a lasting and equitable solution is
found within the context of the United Nations, Turkey shall preserve its position concerning the “Cyprus
issue”,

? Note by all the Ewropean Union Member States of the DECD and the Eurepean Union: The Republic of Cyprus
is recognised by all members of the United Nations with the exception of Turkey, The information in this
document relates to the area under the effective control of the Government of the Republic of Cyprus.

¥ |ndividual data are not available and are estimated in ageregate for: Afghanistan, Bhutan, Cook istands, Fiji,
French Polynesia, Kiribati, Macau (China), Maldives, New Caledonia, Palau, Papus New Guinea, Samoa,
Solomon Islands, Timor-Leste and Tonga and Vanuwatu,

* individual data are not available and are estimated in aggregate for: Anguilia, Antigua and Barbuda, Aruba,
Bahamas, Barbados, Belize, Bermuda, Bonaire, British Virgin Islands, Cayman Islands, Dominica, Falkland
Islands {Malvinas), French Guiana, Grenada, Guadeloupe, Guyana, Martinique, Montserrat, Saba, Saint
Eustatius, Saint Kitts and Nevis, Saint Lucia, Saint Pierre and Miquelos, Saint Vincent and Grenadines, Saint
Maarten, Turks and Caicos Islands,

* The statistical data for lsrael are supplied by and under the responsibility of the relevant Israell authorities.
Thee use of such data by the QECD and/er the IEA is without prejudice to the status of the Golan Heights, East
lerusalemn and Israeli settie ments in the West Bank under the terms of international law.

* Individual data ate not avallable and are estimated in aggregate for: Burkina Faso, Burundi, Cabo Verde,
Central African Republic, Chad, Comoros, Djibouti, Kingdom of Eswatini, Gambia, Guinea, Guinea-Bissau,
Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, Réunion, Rwanda, Sao Tome and Principe, Seychelles,
Slerra Leome, Somalia and Uganda.
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Abbreviations and Acronyms

AFOLU
APC
ASEAN
BECCS
BEV
CCus
CDR
CFL
CH:
CHP
CNG

FCEV
GOP
GHG

HEFA
ICE
IEA
NASA
IMF
loc
IPCC
Lcc
LOVs

LED

agriculture forestry and other land use
Announced Pledges Case

Association of Southeast Asian Nations
bioenergy equipped with CCUS

battery electric vehicles

carbon capture, utilisation and storage
carbon dioxide remaoval

compact fluorescent lamp

methane

combined heat and power; the term co-generation is sometimes used
compressed natural gas

carbon monoxide

carbon dioxide

carbon-dioxide equivalent

Conference of Parties [UNFCCC)
concentrating solar power

direct air capture

direct alr capture with carbon capture and storage
distributed energy resources
demand-side integration

distribution system operator
demand-side response

electric arc furnaces

extra-heavy oil and bitumen

Energy Technology Perspectives
European Union

electric vehicle

fuel cell electric vehicle

gross domastic product

greenhouse gases

gas-to-liquids

hydrogenated esters and fatty acids
internal combustion engine
International Energy Agency
International Institute for Applied Systems Analysis
International Monetary Fund
international oll company
Intergovernmental Panal on Climate Change
Low CCUS Case

light-duty vehicles

light-commercial vehicle

light-emitting diode

Annex C | Definitions

215



LNG liquefied natural gas

LPG liguefied petroleum gas

MEPS minimum energy performance standards

NDCs MNationally Determined Contributions

MEA Muclear Energy Agency (an agency within the OECD)

MNGLs natural gas liguids

NGV natural gas vehicle

NOC national oil company

MOy nitrogen oxides

N:O nitrous dioxide

NZE MNet-Zero Emissions Scenario

OECD Organisation for Economic Co-operation and Development

OPEC Organization of the Petroleum Exporting Countries

PHEV plug-in hybrid electric vehicles

PLDV passenger light-duty vehicle

PM particulate matter

PM s fine particulate matter

PPP purchasing power parity

PV phaotovoltaics

RED research and development

RDE&D research, development and demonstration

SAF sustainable aviation fuel

SDG Sustainable Development Goals (United Nations)

S0, sulphur dioxide

SR1.5 IPCC Special Report on the impacts of global warming of 1.5°C
above pre-industrial levels

STEPS Stated Policies Scenario

TED transmission and distribution

TES total energy supply

TFC total final consumption

TFEC total final energy consumption

TPED total primary energy demand

UEC unit energy consumption

UN United Nations

UNDP United Nations Development Programme

UNEP United Nations Environment Programme

UNFCCC United Nations Framework Convention an Climate Change

UK United Kingdom

us United States

VRE variable renewable energy

WED Waorld Energy Outiook

WHO World Health Organization

ZEV Zero-emissions vehicle
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Important Information

Engine No. 1 LLC, Engine No. 1 LP, Engine No. 1 NY LLC, Christopher James, Charles Penner (collectively, “Engine No. 1),
Gregory J. Goff, Kaisa Hietala, Alexander Karsner, and Anders Runevad (collectively and together with Engine No. 1, the
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accompanying form of WHITE proxy to be used in connection with the solicitation of proxies from the shareholders of Exxon
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other documents related to the solicitation of proxies by the Participants, as they contain important information, including
additional information related to the Participants. The definitive proxy statement and an accompanying WHITE proxy card will be
furnished to some or all of the Company’s shareholders and is, along with other relevant documents, available at no charge on
Engine No.1's campaign website at https://reenergizexom.com/materials/ and the SEC website at http://www.sec.gov/.

Information about the Participants and a description of their direct or indirect interests by security holdings is contained in the
definitive proxy statement filed by the Participants with the SEC on March 15, 2021. This document is available free of charge
from the sources described above.



