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Integratedassessment models (IAMs) are essemtnallytical tools irclimate change
scienceThere is wide recognition of the need of credible IAM scenarios for guidance
on developingclimate change mitigation and adaptationaswes. This dissertation
employs theGlobal Change Analysis Model (GCAM,stateof-the-art IAM, in three
studiesthat develop meaningful scenario analyséslimate change mitigation and
impactsto addresskey gaps in thecontemporaryAM research. The first study deals
with the challenge of reconciling mitigation strategies consistent with the Paris
Agreementlimategoalswith constraints oenergywaterland (EWL) resourced.he
study highlights the fact that mitigation strategies bave unintendetepercussions
for the EWL sectors, whicltan undermine their overaléffectiveness In Latin

American countries used as case studhieseased water demands for crop and biomass



irrigation and for electricity generation stand out as mitaetradeoffs resulting from
climatemitigation policies The second study demonstrates sw#narios that explore

the consequences of climate change impacts on renewable energy for the electric power
sector need to adopt a comprehensive modeling apprthat accounts for climate
change impacts in all renewahléksing such an approach, the findings from this study
show thatclimate impacts on renewables can result in additioapltalinvestment
requiremerd in Latin America. Converselyaccounting ér climate impacts only on
hydropoweri a primary focus of previous studiéscan significantly underestimate
investmentestimats, particularly in scenarios with high intermittent renewable
deploymentThe last study demonstrates t@&AM projections obolarphotovoltaics

and wind onshore electricity generation can be largely affected by methodological
uncertainties in the computation gfobal renewable energy potentiais used to
produce resource cossupply curves thatare key input assumptions to IAKI
Consequently, the role of these renewabldb@modeled longerm scenariosan be
under or overestimated witlpotential implications for decisiemaking on energy
planning, climate change mitigatiand on the adaptation efforts to climatgacts on
these renewables. Therée studies encompagpsestions that have received little or no
attention by the IAM communityand contributevith relevant approaches and insights
that offer improvements relative to prior analydesportantly, theseasults help to
enhance thevalue of GCAM scenarios to decisiamaking and identify research

opportunitieghat might help improv&CAM as well as other IAMprojections
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Figure 2.8 Total water withdrawals by sector (billion®jrunder the Reference ((A),
(D), (G), and (G)). Water withdrawal differences between the NDC_FullTech and the
reference pathways in (B) Argentina, (E) Brazil, (H) Colombia, and (K) Mexico. Water
withdrawal differences between the NDC_NOCCS and the referqgstbhways in (C)
Argentina, (F) Brazil, () Colombia, and XL

rrrrrrrrrrrrrrrrrrrrrrrrrrr

Mexico. € € ééééééééééee. .. ééééééeceeeecécéédd.

Figure 29 Irrigated crop production by country expressed as the ratio between each

"""""""""

Figure 2.10 Water withdrawals (right bars) by power generation source (left bars)
under the NDC_NOCCS scenario for (A) Argentina, (B) Brazil, (C) Colombia and (D)

""""""""""""""

Mexico. . ééeééé. .. éé. . ééeeée. . . eééececceddxréeccece.

Figure 3.1 Shareof renewable energy (lemergy, geothernhghydropower, solar and
wind) in total electricity generationn the LAC regioncompared tdhe average of the
IX
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Hydropower scenarios If). Changes are calculated using cumulative capital costs
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Climate impactsscenarios (i.e., positive values mean that scenarios with climate
impacts on renewables show increased costs). Full range of estimated costd8USD
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Figure 4.1 Experimental design implemented in this study. Note that the red arrows
represent the theoretical upper bound of renewable energy availability (theoretical
potential), which is reduced in each step of the calculation of the potentials until the

Figure 4.2 Land suitabilitymap (%) for wind turbine deployment using the exclusion
criteria inTable4.5 and suitability factorg Table4.7 at grid cell levelunder central
assumptions. Gray areas correspond to grid cells that are entirely
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Figure 4.3 Land suitability map (% for solar PV deployment using the exclusion
criteria inTable4.5 and suitability factorsy Table4.6 at grid cell levelunder central
assumptions. Gray areas correspond to grid cells that are entirely
excludedegé&aeéd céeéeéeeeeéeéeéeéece. . 2..11

Figure 44 Power curve for the wind turbine Vestas V13%5 selected as the
representative model under central assumpti@ige dots represent the pairethd
speedpower dataaken from the power curv@he dashed lines mark specific wind
speeds that characterize wind turbine models: thanauind speed (2.5 m Y, cutout
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Figure 4.5 Global wind onshore technical potential computed using the suitability map
displayed inFigure4.2 and Equations B7 (Central case). Input climate daté®SL-
CM5A-LR (19711 2000). Gray areas correspond to grid cells that are entirely
excluded. é &é&ea.é.e.éeéeéeéeéeéeééeeé . 119

Figure 46 Global solar PV technical potential computed using the suitability map
displayed inFigure4.3 and Equationsi8l0 (Central case). Input climate daté?SL-
CM5A-LR (19711 2000). Gray areas correspond to grid cells that are entirely
excluded é ¢ éé. .¢ééecéecéecécécéecééeéeéeéeée eé .12

Figure 4.7 Powercurves for all wind turbine models analyzed in this stftidg turbine
model for theCentralcase is th&/estas V1363.45 é é é é é é é € & é . 12

Figure 4.8 Examples of (a) wind onshore supply curves and¢igr PV supply curves
for the USA. Curves represent sensitivity cases (solid lines, period:2081) and
climate change impacts on the technical potential (dashed lines, perioe2@2)1 In
this example, input data derive from the IPSM5A-LR model under
RCP2.6é¢éééecéééeecéceeéeéeéeéeéeéeéeeed. .1

Figure 49 Land suitability map (%) for solar CSP deployment using the exclusion
criteria inTable 4.5 and suitability factors in Table 4.7gatd cell level Gray areas
correspond to grid cells that aetirely excludect ¢ € ¢ é . €é é é . . é é .15

Figure 4.10 Global solar CSP technical potential computed using the suitability map
displayed inFigure 4.9 and Equations 112. Input climate data: IPSCM5A-LR
(19712000) Gray areas correspond to grid cells that are entirely
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Figure 4.11 (a) Changes in the global wind onshore technical potential relative to the
Central case by sensitivity case and RCP. Technical potentielsanputed for the
20712099 period. (b) Changes in the global wind power generation by sensitivity case
and scenario in 2100 (climate impdctC | adsumptions). Changes are relative to a
GCAM simulation using supply curves produced from@eatraltechntal potential

case. (c) As in (a) but for the global solar PV technical potential. (d) As in (b) but for
the global solarPVpoweré ¢ ¢ é é e éeéeéeééééééeée. . ée.l3l

Figure 4.12 (a) Relative changes in wind onshore technical potential from central
assumption by sensitivitgase and GCAM region (input data: GFHBISM2M mode}t
1971-2000). (b) Relative changes from the central case in wind onshore electricity
production in 2100RCPF2.6_NoClscenario) (all cases used supply curves from the
historical period throughout the entire simulation). (¢) As in (b) but for the
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Figure 4.14 Changesn cumulative (202€2100) electricity production by generating
technologies relative to the wind onshor€entral case RCP2.6_NoCl
scenari) é 6 éeééeéecécééeéeéeéeéeéeée. é..e141

Figure 4.15 As in Figure 4.4 but for theBaseline NoCs cenar i o.£¢ &2 & .

Figure 4.16 Changes in cumulative (202Z100) electricity production by generating
technologies relative to the solar PVCentral case RCP2.6_NoCl
scenarip é..é6 éeééecééééééeéeéeéeéeéeéeé .43

Figure 4.17 As in Figure 4.6 butfor theBaseline NoClscenario € € € é.¢ . ..144

Figure 4.18 Evolutionof wind power anomalies for the 8CAM regionsanalyzed in

this studyover the twentyfirst century. Timeseries of changes in wind power (o

the baseline period 1972000) averaged across each region based on data from the
four ISIMIP2b GCMs under RCP2.6 (blue) and RCP8.5 (red). Shadows show the
ensemble spread and solid lines depict the ensemble mean values. Ragicales

are smoothe using the LOWESSIter with a window sparof 25% of the 1972099
period(~30 years), which suppresses interannual variabMNiote the different y axis
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scales e eé&éééeceéééeééeeééeéeéeeééeée..e. .46, .1

Figure 4.19 Evolution of PV power production anorhes for the 30GCAM regions
analyzed in this studgver the twentyfirst century Time series of the estimated PV
power production anomalies computed similarly asFigure 4.16. PVpower

production(D & )computed ad & — O'0O(Crook etal. 2011 with— , PV
panel efficiency, defined as in Eq. 9 af@lthe yearlyaveraged solar radiation as in
Eq. 8éééééeéeéeééeéeéecécécécéeeceéeéee. . 47. .1

Figure 4.20 Changein annual meamwind technical potentia{TWh) in 20712099
relative to the historical period9712000)by forcing scenario Iput climate data:
GFDL-ESM2M). ¢ é e & ééé¢ééeééeéeéeéeééeééé.e...q49. .1
Figure 421 Changan annual measolar PV technical potentiélf'Wh) in 20712099

relative to the historical period9712000)by forcing scenario Iput climate data:
GFDL-ESM2M). é& é é 6 é ¢é .ééeééeéeéeéeééeééeé.e...h0 .1

Figure 4.23 Regionalchangeg%) in cumulative (202@100) wind power generation:
Baseline Clscenario relative to tHeaselineNoCls c e na rdiée® éé&. .54. . 1

Figure 4.24 Regionalchangeg%) in cumulative (202®2100) solar power generation:
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Figure 4.25 Regionalchangeg%) in cumulative (2022100) solar power generation:
RCP2.6_Ckcenario relative to tHRCP2.6 NoCs cenaré é&@&sé é é é..56. . 1

Figure 4.26 Regional differences in electricity production by technology assuming
climate change impacts on wind only. Differences (RCP2.6- RICP2.6_NoCl
scenarios) are calculated by technology using cumulative generation during the
2020b2100 perieodt Woadxietbxrcabddéed. 68 . . 15

Figure 4.27 Regional dfferences in electricity production by technology assuming

climate change impacts on wind only. Differencageline_CI- Baseline_NoClI

scenarios) are calculateay technology using cumulative generation during the
2020b2100 period. Note.ttrReéeédiffe&rem®tée éy .axi.

Figure 4.28 Regional dfferences in electricity production by technology assuming

climate change impacts on solar only. Diffieces RCP2.6_CIT RCP2.6_NoCl

scenarios) are calculated by technology using cumulative generation during the
2020b2100 period. Note.tkeédi ff e&reeddté éy .a x i.

Figure 4.2 Regional dfferences in electricity production by tecHogy assuming

climate change impacts on solar only. DifferencBasgline_ClI- Baseline_NoClI

scenarios) are calculated by technology using cumulative generation during the
2020b2100 period. Note.tlReé édi ff €&réeddte éy .a x .
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Chapter 1: |l ntroducti on

1.1 Overview of Integrated Assessment Models

Integrated assessment models (IAMah bedefined asanalyticaltools that
describe the most relevant interactions between environmental, social and economic
factors that determine future climate change and the effectiveness of climategolicy
derive policy-relevant insightgvan Vuuren et al. 2011a)heir strengths lie on their
representation ahultiple systems in a single, integrated computational platfdineir
focus on interactiongnd on the fact that they allgylobalscalesimulations that span
the end of the Zicentury at very low computational costée latter is achieved with
simplificationsand @rameterizeanodeling approachdbat capture the most relevant
processeshut at the expensef less detailed representations of the modeled systems
compared tgector or processspecific modelslAMs are particularly useful to explore
how the futuremightevolve under a particular set of conditiohew the systermight
change under the influence of external fagtanslto understandncertainties under a
wide range of possible futuréSalvin et al. 2019)

IAMs producelong-term quantitative scenariosased on a number of input
assumptions such g®pulationand economic growth, resoursepplies, technology
coststechnologicathangeand mitigation policyTypical IAM outputs include energy
and landuse transitions and emissions trajectomgth decisioamaking based on

economics (e.g., prices affecting competition among individual choice&)



fundamental characterisiig thatlAMs tend to minimizeéhe aggregate economic costs
of achieving mitigatior{Clarke et al2014)

IAMs havebeen of utmost importance by producsagioeconomic scenarios
T e.g., te Shared Socioeconomic Pathwa{&SP3$ (Riahi et al. 2017) 1 and
greenhouse gas emissions scendrieg)., the Represtative Concentration Pathways
(RCP3 (van Vuuren et al. 2ab)7 that are the backbone of the current climate change
research. For example, greenhouse gas emissions scemaraxguired as input to the
stateof-the-art General Circulation Models (GCMs) that provide projections of the
future climateln addition, IAM scenarioshaveplayedacentral role in the assessment
of mitigation pathways in thimtergovernmental Panel on Climate Change (IPEIih
Assessment Report (ARElarke et al. 2014)

Over time, IAMs have been required to address questions of larger complexity
due to concerns about climate change impa&tgl to increasing awareness
challengegelated to simitaneous changes in multiple sectarsd to the important
linkages between mitigation and adapta{ieisherVanden and Weyant 202@igure
1.1, taken fronFisherVandenand Weyant202Q highlightsmany of the keyecent
needs in IAM developmenfccording tothese authorsurrent IAMframeworks need
to include greater physical system detail (that camsider, for exampleglimate
information fromearth system modglsfeedbacks between component models, and
finer resolution (spatial, temporal, and sectotalpe moreausefulto decison-making
on mitigation and adaptatigwolicy. This work also highlights the increased demand
for countrylevel analyses of mitigation strategies after20&5Paris Agreement and

for i nf ornomlimate changealated metricsd ( air guality, water



availability andquality, food security motivated by thdJnited NationsSustainable

Development Goals

Temperature, precipitation, extreme events, resources, etc.

Fine-scale
earth systems
Natural resources
Physical systems
Local climatologies/
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Figure 1.1Key components of amtegrated gstem within acontemporaryntegrated
assessment framework. SourEesherVandenandWeyant202Q

1.1.1 The Global Change Analysis Model (GCAM)

A prominent model within the IAM community is the Global Change Analysis
Model (GCAM), formerly known as Global Change Assessment M@&IEAM has
contributed significantly to the climaseienceby producinghe RCP4.5(Thomson et

al. 2011)and the SSP4 storyli€alvin et al. 2017)



GCAM is a global IAM that simulates the evolution dive key systems
(socioeconomics, energy, agriculture and land, water and climat#)jeanohteractions
over time.The core modeling framework couples: (1) a tetbgy-detailed energy
model with representations of supplies and demands; (2) a land and agricultural
submodule that provides projections of commodity supply and prices as well as land
use and cover changes; (3) a water module that tracks demands iaj@i>sectors
and representsupplies based onglobal estimates of current and future water
availability from threemainsources renewable water, nerenewable groundwater,
and desalinated watérfor all major river basins of the worlénd (4)the reduced
complexity climate model HectgHartin et al. 2015)

The driver of demands withithe model is the human systere,, population
and gross domestic produ¢GDP) growth assumptionsupon which thefuture
evolution of energy, water and land sectibepend. On top of socioeconomsii@a range
of mitigation policies, climte impact inputs, technologghoices among other
assumptions can be added within the scenariegmséddiven limits imposed by its
inputs (costs,technological progressefficiencies, availability of resources, etc.),
GCAM iteratively searches for the set of prices that equilibrates supplies and demands
in all sectors. This process aims at finding a solution that minimizes costs or maximizes
profits (n the case of the land sector). However, decismaking in GCAM relies on
a logitformulaion, a statisticdly-basedepresentation of competition amongiltiple
options(Clarke and Edmonds 1993h which preference among competiabject
depend on their costs expected profit ratg€alvin et al. 2019)As a resultthe largest

shares of markets are allocated to the {east @ most profitable optionfutthe other



higherpriced or less profitableptions also gain some market shdlris avoids that
the single best choicgapture the entire marketwhich is unrealisticFurther details

on GCAM will be provided throughout thidissertation.

1.2 Rationale of the dissertaticand research questions

GCAM has a long tradition of contributions focusiogthe analysisof long-
term energy system transformatipathways needed for climate change mitigation
such as those analyzed in the IPCC ARSine with therecentdevelopmentrends
highlighted byFisherVandenandWeyant202Q GCAM has evolved in complexity to
alsoinvestigateguestions related to climate change impacts, notably on energy demand
(Clarke et al. 2018)energy supply hydropower(Turner et al. 2017)water supply
(Graham et al. 2020a; Graham et al. 2020b; Khan et al. 2020agriculturgKyle et
al. 2014) and to thecrosssectoralenergywaterl and &6 n e x (Kbah etrale sear c h
2020; Santos Da Silva et al. 2019)

This dissertation contributes these recent research etk by examining
guestions relevant within th@esentscope of IAM research bwirtually unexplored
by prior studies.This study focuses omjuestions pertaining to climate change
mitigation and impacts that can (1) enhance the value of GCAM scenadesismn
making, and (2) identify opportunities for improvementsGAM projections
Specifically, this dissertation uses GCAM to target angles and apprdhehgovide
new perspectives to traditional analyses (Chapters 2 amh@highlightunexplaoed
sources of uncertainties that open new research directions (Chapter 4). Although the
three studies are distinctiva their own scope and approathey are tied ito one

another through thanalysisof climate change mitigation and impacts



The firstanalysis (Chapter 23ddresses one of the recent research questions
IAMs are being employed to answer, i.e., how further knowledge concerning the
interdependencies across sectors can contribute to demsakingin climate change
mitigation. Specifically, this studydealswith the challenge of reconcilingpitigation
strategies consistent with the Nationally Determined Contribut{bfixCs) (major
componergof the Paris Agreemenivith constraints oithe energywaterland EWL)
resourcesin Latin America The relationship between NDCs and EWtksource
systems had not been addressed fgyipus studies examining NDCs implications.
Results show that the implementationnoitigation strategiesnight result in critical
countrylevel tradeoffs within the EWL nexussystemsdomain The key research
guestionaddressedh the studyis: What type of implications might be triggered by
NDC mitigation strategies in line with the climate goals of the Paris Agreement on
the EWL nexus resource systems in Latin Arioa?

The second studfChapter3) shares the same lostigrm mitigationgoal (2C)
as in Chapter 2, but the modeling approach is enhanced to account for climate change
impacts on all renewable€limate impactaccounted for in this studydhudeeffects
onsolar and wind energy thhaive beemargely absent from the 1AM literatur&sing
this improved modeling capability, the analysss the first to investigatekey
conseqguences of climate impacts on renewdblethe Latin American powesystem
and the implications for capital investmeatjuiremenrd in the electricity sector. The
analysis is framed ooontrastingmplications resultingrom distinctlAM modeling
approachesthe representatiorof climate impats on all renewables versus impacts

only on hydropowei a major focus of prior IAM studieSpecific research questions



to be addresseare: What are the implicatiors of climate impactson renewable®n
the electricity sector in Latin Americin terms ofelectricity generation and capital
investment requiremen® How do these implications change under alternative
energy technology pathwaysd modeling approachés

Chapter4 builds on recently publishemehethods outlined in Chapter 3 that
incorporate climate impacts solarand windsourcesn I1AMs, i.e., thecomputation
of solar and wind technical potentidalsat are used to producesourcecost supply
curves(curves that map the relationship between the availability of the renewable
reource and energy production costEhe analysiss the first todemonstrate how
GCAM projections can be largely under or overestimated due to the uncertain
methodologicahssumption®n the computation dheserenewablepotentials These
results have lge implications for the entire IAM community becauke resource
costsupply curves produced frosolar and wind technical potentials amgportant
input assumptionto many IAMs Research questions addressed in this analysis are:
What are the implicationof key parametric uncertainties irthe computation of
renewable energy potentials f@CAM solar and wind electricity production? Which
parameters drive the largest changes? What are ftatential implications for

decisiorrmaking on climate change mitigain and impacts?

1.3 Dissertation Structure

This dissertation is structured as follows. Chapter 1 provides a broad overview
of integrated assessment models (IAMs)Jd GCAM and describes the research

guestionandrationale behind thidissertationChapters 24 describeeach of the three

studies that answer the posed research quesiimapters 2 and 3 use thatin



America and Caribbean (LAC) regias a casstudy region although similar analyses
can be extended to other regions. @ba4hasa globalscope but couldbe used as a
basis for followon regional studieg.he findings of Chapters 2 and 3 are psitdid in
peerreviewed journals,Plos One (Santos Da Silva et al. 2019nd Nature
CommunicationgSantos da Silva et al. 202IespectivelyChapter is in preparation

for submissions to a journal. Relevant supplementary materials from published
Chapters e provided in Appendices. The dissertation is cldsedome concluding

remarksa summary of the overall findingsd suggested directions for future work
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2.1 Abstract

In the 2015 Paris Agreement, nations worldwide pledged emissions reductions
(Nationally Determined ContributionsNDCSs) to avert the threat of climate change,
and agreed to periodically review these pledges to strengthen their level of ambition.
Previousstudies have analyzed NDCs largely in terms of their implied contribution to
limit global warming, their implications on the energy sector or on mitigation costs.
Nevertheless, a gap in the literature exists regarding the understanding of implications
ofthe NDCs o0 nenecgpwatedand nexsidresource systeri$is chapter
explores this angle within the regional context of Latin America by employing the
Global Change Assessment Model, a stdtthe-art integrated assessment model
capable of representing key systende interactions among nexus sectors and
mitigation polices. By focusing on Brazil, Mexico, Argentina and Colombia, potential
implications on nationdevel water demandare stressed e pendi ng on couni
strategies to enforce energslated emissions reductions and their interplays with the
land sectorDespte the differential implications of the Paris pledges on each country,
increased water demands for crop and biomass irrigation and for electricity generation
stand out as potential tradéfs that may emerge under the NDC policy. Henbis, t
studyundersoresthe need of considerirgnexus resource planning framework in the
forthcoming NDCs updating cycles as a mean to contribute toward sustainable

development.



2.2 Introduction

T h e i Nmroact®was defined by Hoff 2011 ascanceptual paradigno
tacKe the inherent linkages among the energater, food and langectorsThis novel
concept has helped to identify critical barriers to a more efficient governance across

sectordn light of the escalating human demands and climate change.

Particularly inLatin America,interest innexus issueblas been motivated by
some keydomestic characteristicgreat dependence time water supply@abundant in
total, albeit with large spatial and temporal heterogengitieeg can transfer climate
change impact® sveralsectors, importance of agriculture to local economies (whose
expansion has been historically based on excessive exploitation of natural resources),

and lower adaptive capacity to climate change compared to developeomies

Given themultitude of nexusinterconnections occurring in a wide rangfe
temporal and spatial scalea growing body of literature has recognizttht
governance of nexus resources should evolve from the current view centenglgt on
one or twoof these sectortoward anintegrated nexuspproach of planning and
managementSuch paradigm aims aensuring economic and resource efficiency,
avoiding unintended competition for nexus resoyreesl capturing vulnerabilities
across thehree systeméBazilian et al. 2011; Howells et al. 2013; Miraléslhelm

2016)

While general awareness of nexus issues has increased throughoutatles de
a major societal concern has been howvercome the challenge of significantly
curking anthropogeni6&GHG emissionsy the end of the 2%century In this sensgthe
2015 Paris Climate Agreement brought the United Nations Framework Convention on

10



Climate Change (UNFCCC)nember states to put forwasttions to keep global
warming well below 2°C above pirdustrial levels and to pursue further efforts
toward a 1.5°Gincreaselimit (United Nations 2015a)To this end, thdJNFCCC
membes have submitted theifintended Nationally Determined Contribut®m
(INDCs), in which Partiesoluntarily expressetheir post2020 emissions reduction
targets A key aspect of the agreement is the inclusion of a framework for the regular
updating of theNationally DeterminedContributions (NDCs) (official INDCs
designation afteratification of the agreement) every 5 yetirstrengthertheir level

of ambitian.

Within this contextLatin America is globally relevarttue to: the large share
of land-sector emissions (the regiaacounted foabout20% of global net emissions
from Agriculture, Forestry and Other Land Uses (AFOLU) in 2QEAO 2018a); as
well as the prospects of growing energyated emissions in the forthcoming decades
(van Ruijven et al. 2016 Among the majoregionaleconomiesBrazilb s NDC st at es
the commitmento reduce all GHG emissioby 37% in 2025 and 43% 2030 relative
to 2005 levelsMexico has committed ta reduction of 22% in all GHGs below a
businessasusual (BAU) scenario for the year 2030. Likewise, Argentina has
committed toa target of 18% reakction in all GHGs below BAU for 2030 whereas
Colombia announced20% reduction in all GHGs below BAU for 203®Regarding
the forestry sector, Brazil and Mexico intend to adopt measures to conserve and reforest
ecosystems and to reach a rate of zergalldeforestation by 2038long similar lines,
Col ombi ads NDC indicates a commitment t o

important natural ecosystemghereasArgentina is planning actions related to the

11



promotion of sustainable forest managemkms worth mentioning tharazil, which
explains the bulk othe regionalAFOLU emissions trendhas showrprogress by
cutting deforestation in the Legal Amazon by 75% between 2004 andRBODES

INPE 2018)

In light of the Latin American NDCs, the understanding of how these pledges
can affect the interdgmdencieamong nexus systens essential to irfrm coherent
policy-making. This studyexplores potentialimplications of the Paris pledges on the
nexus sectors in Argentina, Brazil, Colombia and Mexico. The analysis is carried out
within the framework othe Global Change Assessment Model (GCAM)se et al.
200), a stateof-the-art integrated assessment model (IAMJich accounts for the

physical, eonomic and social domains as wellcagsssectoral interactions.

Previous studies have assesBECs largely from the point of view of their
collective contribution to limiglobal warmingFawcett et al. 2015; Rogel;j et al. 20,16)
in terms of their implications on the energy se¢Rwstic et al. 2017)r on mitigation
costs(Hof et al. 2017; lyer et al. 2015bAt the same time, the nexus literatinas
evolved from a conceptual framewdiRingler et al. 2013}o the recent development
and se of analytical approaches to assess and analyze interadti@tent literature
review (Albrecht et al. 2018)dentified that quantitative metkds to address nexus
issues are still limited (less than one third of the literature assessed), revealicgla
need for the development and application of appropyizdatitativenethods and tools
that can support the integrated decismaking. Remgnizing that few tools have
capabilities to address nexus linkages while allowinge®pdicit modeling of the Paris

pledgesthis study relies on a robust setinsistent integrated framework to produce
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insightsunexplored in pevious works that asses8BCs. That isthis studyexplores
national level implications of NDCs in theajor Latin Americareconomies within a
nexus perspective that seeks to highlight the inseparable links between sectors while
drawing attention to the emergence of potentialnmacale tradeffs amongystems.
Bearing in mind the close links between theuseroncept and the 2030 Agenda for
SustainableDevelopment(United Nations 2015b)n which climate action, energy,
water and food securities gravotal elements, it is therefore becoming clear that nexus
tradeoffs can undermine the full attainment of the Sustainable Development Goals

(SDGS)

2.3 Scenario analysis

2.31 GCAM modé¢

Here,a general description of the essential aspects of GCAM v4.3 relevant for
thepurposes of the present studyrovided A more comprehensive description of the

model is available on the GCAM documentatighttps://jgcri.github.io/gcam

doc/v4.3/toc.htnl

Along the socioeconomicssystem, population and labor productivity
assumptiongare usedo derive GDP in each region, which, in turn, drive the regional
economic activity, as well as a large chain of interconnected processes and demand
responses in the other systems. Within a market equilibrium economic framework,
GCAM represents the globatonomy by disaggregating the world in 32 geopolitical

regions. Latin Americand the Caribbean region (henceforward LA@ particular, is
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represented as seven distinct regions: Argentina, Brazil, Central America and

Caribbean, Colombia, Mexico, South &nca Nortlern, and South America Southern

As a longterm model, GCAM operates i5-year time steps until 2100he
baseyear for the model is 2018ased on calibration to the historical period, which
requires multiple datasefsstedin the GCAM documetation) to covelthe different
sectors.GCAM is a dynamiaecursive model, whicitmeans that decisions in any
perioddepend only upoimformation about that period, but the consequencesici
decisions (resource depletion, capital stock bupd etc.) ifluence decisions in the
following periods. GCAMsolves each period sequentialhrough the establishment
of marketclearing prices for all existing markets (energy, agriculture, land, GHG
emissions).This means that, for each model period, an iteratoleerme ensures
convergence to final equilibrium prices such that supplies and demands are equal in all

markets.

The energy system structure in GCAM contains representations of the energy
supply and demand sectors for each region, also considering thegtadddrimary
resources (coal, natural gas, oil and biomass) among regions. The model simulates the
temporal evolution of the energy system from the extraction of primary energy
resources (oil, natural gas, coal, bioenergy, uranium, hydropower, geothestasgl,
and wind energy) until the transformation processes (e.g., liquid fuel refineries and
power generation) that produce the final energy carriers (refined liquids, gas, coal,
commercial bioenergy, hydrogen, and electricity) required by theusadsemrs
(buildings, industry, and transport). GCAM utilizes a comprehensive technology

databaseencompassinglifferent energy supply and conversion technologyions
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andincludes assumptions e@chnological progres3hese technologies compete for a
shareof energy markets based on cost differera@®ng competing optiongnore

detailson this aspeauill be provided in Chapter 3)

The agriculture and landse systerprovidesprojectionsof agricultural supply
(crops, livestock, forest products, and biesy), prices, and changes in land use and
cover,taking into consideratiothe trading of primary agricultural and forest goods. In
this component, each of the 32 geopolitical regions can be disaggregated into up to 18
agroecological zones resulting i82 agriculture and land use regions. Within each of
these 283 subregions, land is categorized into twelve types based on cover and use (e.qg.,
forestlands, shrublands, grasslands, croplands, etc.). Land allocation within any
geopolitical region depends dmetrelative profitability of all possible land uses within
each of the 283 landse regiongKyle et al. 2014) Land used for any purpose
competes economically with croplands, commercial forests, pastures, and all lands not
involved in commodity production, with the exception of tundra, deserts, and urban
lands (assumed constant over time). The profitability of any land used for commercial
production is derived from the price (value) of the commodity produced, the costs of
production, and the yielKyle et al. 2014) GCAM models the production of tive
crop categories based on exogenously specified yields that arspeafic but vary

depending on the subregion.

Bioenergy production in GCAM derives from: (1) various types of second
generation cellulosic crops (e.g., switchgrass, miscanthus, willow, jatropha, and
eucalyptus), (2) residues from forestry and agriculture, (3) municipal solid waste, and

(4) traditionalbioenergy Conventional or firsgeneration biofuel crops such as corn,
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sugars, oil crops are grown as part of food production. In this case, the biomass liquids
subsector within the energy module includes a number of transforming technologies

for biofuek production from these food cropgotethat, throughout this analysite
tebmsipur-gpopewmdddedi cat edo bi areusedtogfeytothe ed st oc k

secondgeneration cellulosic bioenergy crops.

The physical atmosphere, oceans and climateepresenteth GCAM by the
Hector Earth System modglartin et al. 2015)which is a reducetbrm global climate
carboncycle model(or simple climate model SCM). As a SCM, Hector was
developed to represent ortlye most important largecale earth system processes so
that to significantly reduce computational costs relative to the most complex Earth
System Models. Although it can be used as a s#dmme model, Hector is fully
integrated within the computation@CAM platform. This coupling allows Hector to
track emissions of 24 GHGs and shtivied species generated by the energy,
agriculture and land systenad to calculatduture GHG concentrationsn each
modeling scenario. From GHG concentratiansl shoHived climate forcersHector
can then derivaeglobal mean radiative forcing, which is converted to global mean

temperature and other variables.

The GCAM water modulestimates water deman@sater withdrawals and
consumptiol in six sectors:agriculture (irrigation), livestock, primary energy
extraction and processing, electricity generation, indust(@anufacturing) and
municipal (domestic). Details concerning each sector are available in the literature
(Hejazi et al. 2014a; Hejazi et al. 2014B)gricultural water demands in GCAM

depend oncrop production(noting that this is divided in rainfed and irrigated
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production), the share of crop productiom irrigated lands in each of the 283
subregionsirrigation efficiency andtrop type (12 categories of crops phismas$.

The estimates of aterdemand for biomass include a number of secgeteration
biomass crops, but crops such as corn, sugar and oil palm used for biofuel production
are not included since their water demands are quantified in the irrigation caldgory.
water demand estiates for the livestock sector accounts for drinking water
requirements for fiveanimal commoditiedbeef, dairy, sheep & goats, pigs, and
poultry), and for the watarsed in the animal productiom the electricity sector, the
water usage depend on tigpe of cooling system. Cooling technologies represented in
the model are: onetarough cooling systems (responsible for the largest withdrawal
volumes in the GCAM energy sector); recirculating cooling systems, and dry cooling
systems (associated with tlmvest water use). @nestic water demands are driven by
population, per capita GDP, and technological chamigiee the water demanded by
themanufacturingector depends on the total industrial output. Lad#dyands fothe
primary energysector hinge onthe fuel production and accounts forcoal, oll

(conventional and unconventional), natural gas, and uranium

2.3.2 Reference and NDC scenarios

In this modekbased scenario approadhgusis placedon contrasting relevant
sectoral outcomes of threenarios through 2050: the reference scenario and two

policy (NDC) scenarias

The reference scenario is based upon BAU assumptions about key @rigers
population, economic graw and technological evolution), aadsumes that no new
mitigation actims are implemented beyond 2010. The socioeconomics assumptions are

17



consistent with the {Rihictdl 2017prhe rafeheace Ro a d 0
scenaio is characterized by population and GDP growth of 26% and 167%,

respectively, irL,AC from 2010 to 2050

For the two NDC scenarios, the GHG mitigation targets are consistent with the
countriesd emissions |l evels prOONFC@@Ced in t|
2019) This set of scenarios share the same general assumptions. Nevertheless, they
differ with respect to the technology availability in the energy system that is essential
to determine how emissions reductions in the energy sector can be fulfiiedl.N D C
Ful | Tseenahnid includes the full suite @nhergytechnologies represented by
GCAM. On the other hand, thé ND C N OsCeb&bdbis based on the explicit
assumption that thexpansion of C@capture and geologic storage (CCS) systmms
not permittedall other assumptions are identical to MBC FullTechscenariy. New
capacities can include nuclear energy in both NDC scenarios. A fundamental
motivation for the choice of the technology pathways explored isetkat they
represent two radically different energgctor decarbonization routes, each of them
with profound consequences for the nexus as a whole. On one siN®GheullTech
scenario allows the opportunity to explore a pathway in whushil fuel-fired power
coupled with CCS, and bioenergy coupled with CB®CCS) become important
sources oelectricity generatiom the longterm On the other hand, ti¢dDC NOCCS
scenario is intended to represent a future in which the various limitations surrounding
the largescale deployment of Cq®o be discussed in the following secti@ould not

be overcome and mitigation must rely on other-ttasbon sources.
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In both policy scenarios, the implementation of the NDCs in GCAM was carried
out using economywide emssions constraint. This means that the gross GHG
emissions (excluding COand-use and lanadover changé LUC b emissions) were
assigned t@ach GCAM region and the model internally calculated the carbon prices
needed to achieve the constrainheTglobd GHG emission trajectory followthe
O0Palmacsr e as e dsceAandleveloped imFawcett et al. 201&ith updates on
the emissions constraints for the sell&€ regions.These updates are based upon the
supporting sources listed ihe Appendix ANote thatNDCs only cover the period up
to 2030. To allow the exploration of nexus transformatiois\@ at a level consistent
with the 2C longterm goal set by the Paris Agreement, it is assumed that beyond 2030
the rest of theworld puts forward reduiin targetswith CO, emissions intensities
decreamg at annual rates implied by the NDCs or 5 percent per year, whichever is
higher(Fawcett et al. 2015 provideketails on these assumptions andApeendix A

liststhe assumptions in LAC

It is importart to acknowledge that actual climate policy approaches do and will
significantly differ from the economwide carbon prices approach used herein, relying
on a range of differerdectoral measurdsom building standards to automobile fuel
efficiency to reewable portfolio standards. The implication for the results in this study
is that mitigation is focused more heavily on energy supply adgrgsthan energy
demand changeg$-or this reasontheseresults are meant to be purely explorative.
However, each RNC scenario encompasses relevant madttoral systemwide

interactions that provide useful insightsstgpport the points raised in thlagidy.
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As previously noted LAC is characterized by a large share of AFOLU
emissions compared to the world averaee four countries analyzed in the present
study explicitly included th&FOLU sector in their NDCs, however the potential kand
based emissions reductions are incorporated within their total reduction targets. As
assessed bgreviousstudies(Damassa et al. 2015; Forsell et al. 2016; Grassi et al.
2017) the NDGs are associated with large uncertainties regarding the actual mitigation
role of the land sector. These uncertainties relategtinition of baselines, historical
emissions and removal sources in national inventofesk of information on
accounting methogsabsence of quantifiable details of measures or specific targets,
among others. Given that the core of the NDC strategmsiocarbon emissions from
the land sector ihAC is formed by forest protection efforts, for the NDC scenarios, a
land-use policy introduced by a carbon tax lddC emissions from all land typas
imposed By penalizing terrestrial carbon emissions,dlararbon prices affect the
economic decisions within the agricultural/lamse model. As a result, this regime
restricts forest conversion to agricultural land and incensviaeest expansiofCalvin

et al. 2014; Wise et al. 2009)

The emissions pathways (net emissions including; COC emissions)
generated by GCAM undetl scenarig for the four focus regions are shown irblea

2.1.
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Table 2.1 Regional Net GHG emissions (MtG&by scenarié

2030
GCAM Scenario | 2010 | 2020 | 2030 | 2040 | 2050 | NDC
region

Target

Reference 736 416 493 550 580
Argentina | NDC_FullTec| 736 415 484 488 438 483
NDC_NOCCY{ 736 415 493 518 460
Reference 2181 1569 1999 2209 2050
Brazil NDC_FullTec| 2181 1465 1206 1023 825 1200
NDC_NOCC{ 2181 1468 1324 1452 1137
Reference 124 236 316 424 444
Colombia | NDC_FullTec| 124 233 266 304 316 268
NDC _NOCCY{ 124 234 278 392 374
Reference 708 790 943 1051 1153
Mexico NDC _FullTec| 708 736 759 531 311 759
NDC_NOCCY{ 708 738 748 543 306

aGlobalwarming Potentials (GWPs) following official NDC submissions. Brazil and Mexico
established GWPs from the IPCC Fifth Assessment Reporb)(ARgentina and Colombia
defined GWPs from the Second AR.

2.4 Results and discussion

2.4.1 Energy

Althoughenergyrelated emissions have been lmaLatin America &bout 4%
of global energyrelated CQemissions in 2015JEA 2017)), the regionis expected to
face increasing energy demdmed up with its economic development and population
growth In the absence of mitigation, tReferencescenario projects 8% increase in
primary energy consumption and a threefold increase in elécgeEneration between
2010 and 2050, with predominance of fossil fuels and a growing role of natural gas

(Figures 2.1 and 2)2
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Thus, gross GHG emissions follow a marked upward trend, in particular, Fossil
Fuel and Industrial (FFI) C£&emissions, which take larger proportions of the regional
emissions up to 205(Figure 2.3. The curbing of future energglated emissions is
t herefore an i mportant mi tigation compon
depending on the available resources and future technology transitions-marbon
energy sourcg® substantially different implications on thaergywaterland EWL)
nexus can be expectddiefore discussing specific results, it is informative to introduce

some of these interplaygthin a regional perspective

—— -Gases

N20 (agriculture)
| N20 (industry)
s CH4 (agriculture)
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O
@
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Q
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Figure 2.3 GCAM outputs forthe Reference (no policgrenariogreenhouse ga
emissions (excluding CQA.UC emissions) bygource

A first pathway for strong intersections among EWL systems in light of the
NDCs is bioenergy. The modern use of bioenergy is recognized as an important
strategyto meet part of the future global energy demand while limiting ensigyed

emissions. The rtigation potential largely increases in the case of BioCCS, which
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allows the possibility of deep carbon removals and net negative emigsannguuren

et al. 2013)In face of the largscale bioenergy production necessary for a substantial
impact on climate change mitigation (on the order of few hulsdoé exajoules (EJ)

per year versus presetidy levels around 55 E(Calvin et al. 2014) LAC grows in
importance due to its potential for significant increases in production from various
feedstock categorig®allemand et al. 2015)ndeed, LAC is already positioned as a
major bioenagy, notably biofuels, produceBrazil, in particular, has led development
for decades focusing on sugarcane potgle.g., bioethanol) that accounted for 17%
of domestic energy suppig 2015(EPE 2016)notto mention the growing utilization

of soybeans for biodiesel production. Biofuels markets also exist in Argentina (e.g.,
biodiesel from soybeans) a@blombia (e.g., sugarcane ethanol, biodiesel from palm
oil), whereas Mexicowhich setthe goal of 35% of the electricity generated from
renewable soees plus nuclear energy by 202a#ns to increase feedstock production,
mainly from agriculture and fomry (Garcia et al. 2015Nevertheless, intensively
cropping large areas for dedicated bioenergy production inevitably raises serious
concerns surrounding lafgse impacts and adverse externalities regarding food and

water securities.

Otherkey nexus interactions unleashed by the ND&3pecially relevant for
the energywater subsystem, stem from an increased participation ofcéwion
technologiesn the energy system. A larger reliance on renewables such as wind and
solar or on CCS technologies involve considerable impacts on tlee dexhands for
the electricity sector due to the specific water requirements of each technhagy.

aforementioned nexus implicatioare further discussed the upcoming sections.
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As illustrated inFigures2.4 and 2.5both NDC scenarios entail importan
transformations of the countriesd energy s
include less fossiluel based sources resulting from the larger participation of cleaner
energy substitutes in the total primary mix. Carbon prices propagating itheoeggy
markets along with the expansion of higleest lowercarbon technologies stimulate
improvements in the efficiency of energy conversion, driving down demand in all
countries up to 2050. This effect is more pronounced iMNfB€ NOCCSscenario
given the higher energy costs of nfwssil technologies relative to the C&8upled
options in theNDC_FullTechscenario. In the nedaerm (2030), changes are relatively
small, however, as countries strengthen their mitigation efforts, larger transformations

occur over the longerm (2050).
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(a) Colombia: Reference (b) Colombia: NDC_FullTech (¢) Colombia: NDC_NOCCS
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Figure 2.5 Distribution of the primary energy consumption (EJ) forReéerencé(A)
and (D)),NDC_FullTech((B) and (E)) andNDC_NOCCSY(C) and (F)) scenarios in
Colombia, and Mexico, respectively.

Except for Argentinawhen CCS is unavailableNDC_NOCCS scenario),
biomassplays a larger role in the primary mix relative to Referencescenario. In
this scenario, although Brazil accounts for the largest participation of biomass in the
primary mix (38% and 44% in 2030 and 2050, respectively), Mexicoriexpes the
largest expansion of biomass consumption relative to the reference with percent
increases of 34% and 51% (versus 18% and 3% in Brazil) in 2030 and 2050,

respectivelyConcerningsolar, wind and nuclear energy, the differences between both

27



NDC <enarios are small in the near term, and, overall, theseddwon sources
represent less than 2% of the total primary mix in all countries. Over the long term, the
NDC_NOCCSscenario induces the expansion of solar, wind and nuclear energy,
particularly srong in Mexico where these sources represent about 46% of the primary
energy mix (versugl to 28% in the other countriesJhis strong developmerdf
renewable and nuclear capaciiieMexicois due tothedrastictransformationsieeded
within an energysystemheavily based offossil fuelsto achievean ambitiouslong-
termgoal of 50%emissiongeduction in 205@ersus2000 as sti pul ated i n N
Mid-Century Strategy (SEMARNAT-INECC 2016) listed in the Appendix A
Without CCS as a viable option, significant mitigation by 2050 involves deep structural
changsto develop and expand renewaldad nucleacapacitiesOn the other hand,

the contribution of these lowarbon options to the primary mix is muchvkr in the
NDC_FullTechscenario (shares of abou% in Mexicq and3to 5% in the remaining

countries in 2050) because CCS allows the larger use of fossil fuels.

Under theNDC_FullTechscenario, the largest expansion of CCS ocaurs
Mexico followed by Bazil, reflecting the scale of their energy systems and the amount
of mitigation needed in each country. On the other hand, Argentina shows the lowest
level of CCS development. BioCCS significantly expands in Brazil whereas the
remaining countries develapore natural gas with CCS than BioCCS over the long
term. Although the largscale deployment of CCS is widely accepted as a key strategy
to achieve deep GCemissions reductions over the letggm, the viability of such
approach is still highly uncertairGlobally, CCS technologies have not yet been

broadly deployed commercially. This is due to barriers such as the sagnifesearch
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& developmentinvestments required to overcome the technological challenges
involved in their safe and cesfficient utilization, or even théadck of political and

policy support(Haszeldine 2009; Lipponen et al. 201If) the particular context of

LAC, some authors argue that CCS capabilities could be a less viable option compared
to other countries for reasons that include lack of major technologigahstitutional
developmen{Clarke et al. 2016; Lucena et al. 201Bgspite a mature technology,
similar arguments hold for nuclear energy when referrinigstéuture viability as an

option for mitigation in LAC. Presently, ¢hlevel of nuclear electricity generation in

LAC is low. Nuclear energy in Argentina, Brazil and Mexico accounted for 6.9, 2.9
and 4.8% of their total electricity in 20@®/orld Energy Council 201Qyespectively

(there is currently no nuclear power plant in Colombia). Over the-tront there is
limited growth prospestin nuclear capacity in these countries since ongnuclear

plant is under construction in Argentina and Brazil. High operational and investment
costs, need of foreign technical expertise and public resistance have slowed down the
expansion of nucleagnergy in LAC and may prove to be significant obstacles to
hamper its future expansion in the icegrelative to renewables hi study doesnot

take up the question of how likely CCS and nuclear energy are to become viable options
for future implementatio in LAC, but rather focus on the understanding of their

potential nexus implications.

2.4.2 Land

Favored by its vast swathes of productive land, LAC almost tripled its net food
production since the early eighties, becoming a major food exporter

(ECLAC/FAQI/IICA 2012) In the present context of globalized food systeldsC
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accounts for 38% of oil crops, 30% of fruits and 1@%med global exports
(FAO/PAHO 2017) This process, spwd by a monumental global demand growth for
agricultural commodities, has induced extensive degradation of native forests,
savannas (e.g., the ACerradoo in Brazil),
in Argentina),with South American countrieaptably Brazil and Argentina, playing

major roleqAide et al. 2013)

Notwithstanding the fact that most of the projected growitrap production
should derive from higher yields and increased cropping intensity, Latin America in
tandem with the suBaharan Africa are expected to account for the bulk of future
global agricultural land expansig@ECD/FAO 2015) The largest tracts of larwidith
rainfed cropproduction potential are concentrated in Brazil followed, in LAZ, b
Argentina, Colombia, Bolivia, Venezuela and PéBuuinsma 2009) Nevertheless,
such a vast fertile tatory is not entirely available for agricultural expansion since it
encompasses sensitive ecosystems, protected areas and urban zones. For instance,
legally protected reserves and indigenous territories represented 47% of the Brazilian
Amazon region in 2 (Nepstad et al. 2014)vith increamg efforts toward forest and
land protection regulations in other LAC countries as {lelPolain de Waroux et al.
2019) It is widely agreed that the conversion of such areas into crop or pastoral land
implies enormous economic and social costs alongside environmental impacts
inconsistent Wh the landsector mitigation efforts necessary for climate change

stabilization.

In this contextland-energynexus considerations are central to the bioenergy

debate in LAC given the prospects of continued increase in internal and external market
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demand for biofuels. Several studies have shownthi®atargescale cultivation of
bioenergy crops, unless produdesin abandoned agricultural or marginal lands, could
exacerbate land competition inducing: (1) loss of undisturbed ecosystems (which, in
turn, increases LUC emissions that offset the intended mitigation benefits) and
biodiversity stocks; and (2) diggement of farmland that contributes to drive up food
prices(Calvin et al. 2014; Fargione et al. 2008; Munoz Castillo et al. 2017; Wise et al.
2009) Although the most controversial debate on the impacts to the land sector are
around the firsgeneratio bioenergy (food) crap the secondjeneration bioenergy

can potentially unleash additional impacts if supplied by dedicated plant@tiavisk

et al. 2011)

The picture emerginffom the alove discussion is that, even within a context
of relatively landabundance, future land use and availability in LAC is subjected to
various conflicting demands that can be affected by NDCs. In this context, two relevant
development NDC modes can be distiistped: (i)increased bioenergy production to
accommodate the internal demand fordcavbon sources and exportségions with
limited land and/or feedstock resources, and (ii) stringent actions to conserve and
restore natural forests apdosystems. Fige2.6exploreghese modes by showing the
projected distribution of the land use in the four analyzed countries under the two NDC

scenarios.
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Focusing on the differences between Rederenceleft panels ofFigure 2.9
and the NDC scenarios, it can be noted that relative changes in land cover associated
with dedicated mmassproduction tend to be pronounced in Mexico. This is due to
the costefficiency of this optionn Mexico given the amount of rtigation required to
transform aremissions baseline profile that comprises the largest share 0FEIO

emissions among ¢hfour focus countries.

In Brazil, the proportional growth in land for bioenergy crop production in both
NDC scenarios is far less important than the changes in other landrigseeg2.6 D-
F). This may seem countartuitive considering the current prominent role of Brazil in
the bioenergy sector. Referring back to results from the previous séatembenoted
that biomass consumption in the Brazilian primary energy mix under both NDC
s@narios is not projected to substantially increase compared with the reference (that
already relies on large bioenergy usage). Furthermore, the NDC scenarios include
pricing of terrestrial carbon that incurs high economic costs for the $agaje clearing
of the carborrich forested systems. Since the expansion of land to grow dedicated
bioenergy crops is an uneconomic option under the NDC scenarios, the emissions
reduction required by the Brazilian NDC needs to be achieved by otheraldon
means. Findy, in Argentina and Colombia, dedicated bioenergy crop production is not

projected as a major source of lamske pressure under the NDC scenarios.

Figure 2.6also reveals that forests expand throughout the-2030 horizon
in all countries under both NDE€cenarios. The largest increments are projected for
Brazil at the expens®f croplands and pasture. As croplands become more profitable,

GCAM projects an expansion of croplands into pasturelands and lands dedicated to
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other natural systems (e.g., shrulgls, savannahs, grasslands, etc.) in both NDC
simulations in Argentina and Colombia, particularly in Hi2C NOCCScenario. In
Mexico, the longterm expansion of croplasds proportionally less pronounced

because of the pressure for land to increasenbrgg production.

2.4.3 Water

LAC is endowed withmpressive32% of the global renewable water resources
(FAO 2018b) Despite the overall abundance, water resources are unevenly distributed
throughout the gion. For instanceylexico and Argentina experience water deficits,
particularly in the northern Mexico and some parts of Argentina where moderate to
severe water scarcity conditions last more than six m@ktékonne; Hoekstra 2016)
In fact, the northern and central areas of Mexico, that concentrate 77% of the population
and 87% of GDPgonstitute prominent examples of low natural availability aggravated
by overconsumption of freshwater resources. They also serve to call immediate
attention for the fact that water supplies are expected tdasedpunder increasing
stressfrom socioeconoia trends whose signal can outweigh the effects of climate

change in the near futufgérosmarty et al. 2000)

Underthe Referencescenario, the water demand for different upasticularly
irrigation, increases atigh rates over the coming decadé&sgure 2.7. Mexico is the
main wate user, followed by Brazil (sdéigures2.8(D) and (J)). This is mainly due to
the role of irriga¢d agriculture in Mexico, whiclkeurrently has the largest area of
irrigated land in LAC (about 6 million ha) with an infrastructure based predominantly
on waterinefficient surface (flood) irriggon techniques. In this regar@razil and
Argentina alsanaintain sizable areas of land equipped for irrigation ®igand 2.4
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million ha, respectivelf{(FAO 2018b). Also important within this context is the fact
that Latin America is characterized byarerall low irrigation efficiency average of
39% (the highest efficiency is in Brazil with 41%¥ontrasting to the global average

of 56%(Bellfield 2015)
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Figure 2.7 GCAM outputs for theReference (no policyycenario:total wate
withdrawalsby source.

Previous discussion highlights potential implications of NDCs in terms of land
cover change driven by the need to grow dedicated bioenergy crops. Likewise, impacts
on water use can be expected. Water requirements for bioenesgg wuary
considerably with crop type, climate and soil conditions, but, in general, bioenergy
derived from agricultural feedstocks is more water intensive than fossil fuels,
particularly in the case of firgjeneration biofuel§D'Odorico etal. 2018; Hoff 2011)
Certain secongeneration bioenergy crops have disadvantageous water footprints as

well (Gerbend_eenes et al. 2009; Mathioudakis et al. 2017)
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Lastly, NDCs may also imply drawbacks related to water fosepower
generation. In this sector, LAC is characterized by heavy use of hydropower generation
(Figure 2.2, particularly notable in Brazil and Colombia. This option entails
significantly lower water consumption (basically due to evaporation losse)ttiem
power generation sources. Although some growth is expected througlentiay, the
share of hydropower in the electricity mix should decrease over time. Hence, other
generation sources will have to increase participation in the electricity mecooirat
for the escalating demand in the region. This means that LAC will potentially need to
deal with challenges posed by the larger water requirements of conventional thermal
power plants. These challenges may be exacerhbaigelran NDC climate policyfi
mitigation of energyrelated emissions foces heavily on CCS. Compared with
conventional thermal power plantS8CSbased power plants generally have higher
water requirements due tmditional demands for cooling and other processes that
increase wateconsumption by 3B5% depending on the power plant ty@rubert;
Kitasei 2010; Klappech et al. 2014)On the other hand, climate mitigation through
solar photovoltai¢PV) and wind is not water intensive. &perational solar facilities,
somewater is needed to clean the mirrors/partdtavever, concentrating solar power
(CSP) systems can be considered as watensive as traditional thermoelectric power
plants because of the additional water usage forrmg@liocesses that is maximized if
wet-cooling methods are employgdukhary et al. 2018)The aforementioned
differences in water usage between thermal (with or without CCS) antheonal
renewable types of energy supply are detailedahle 22 (Macknick et al. 2011)

Dataare presented in terms of median values ofdnges of water consumption and
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withdrawal factorcompiled byMacknick et al. 2011Thesevalues are uset specify
GCAM water usentensities by electrisectortechnologiegDavies et al. 2013 able
2.2 highlightsthat a transition toward a less carkotensive power sectdthrough
nuclear, CCS or CSP facilitiesjay result in an increase in total water usage depending

on the combination ajeneratingsourcesandcooling systems employed.
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Table 22. Water Use Factors for Electricity Generating Technologies (gal/MWh)

Median Values

Fuel Type Cooling Technology Consumption Withdrawal
Nuclear Tower Generic 672 1101
Oncethrough Generic 269 44350
Pond Generic 610 7050
Natural Gas  Tower Combined Cycle 198 253
Steam 826 1203
Combined Cycle with CCS 378 496
Oncethrough Combined Cycle 100 11380
Steam 240 35000
Pond Combined Cycle 240 5950
Dry Combined Cycle 2 2
Inlet Steam 340 425
Coal Tower Generic 687 1005
Subcritical 471 531
Supercritical 493 609
IGCC 372 390
Subcritical with CCS 942 1277
Supercritical with CCS 846 1123
IGCC with CCS 540 586
Oncethrough Generic 250 36350
Subcritical 113 27088
Supercritical 103 22590
Pond Generic 545 12225
Subcritical 779 17914
Supercritical 42 15046
BioPower Tower Steam 235553 878
Oncethrough Steam 300 35000
Pond Steam 390 450
PV N/A Utility Scale PV 26
Wind N/A Wind Turbine 0
CSP Tower Trough 865
Power Tower 786
Fresnel 1000
Dry Trough 78
Power Tower 26
Hybrid Trough 338
Power Tower 170
N/A Stirling 5

i Withdrawal factors assumed to be equivalent to consumption factors.
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To provide a perspective on the potential implications oPues pledges on
national water demands in the focus LAgOuntries, Figure 2.8 disaggregates
differences by sector in water withdrawal estimates between each NDC scenario and
the reference. Note that the water demands estimated by GCAM are not constrained
terms of future water supplies, and that climate change impacts are not included. Under
both NDC scenarios, the overall picture across the countries, except for Brazil, is one
of larger water footprint in a growing pattern until the midcenttigure 2.8 also
brings out the fact that crop irrigation accounts for great part of the increments in total
water withdrawals. Brazil is the only country where the near andtkmngtotal water
demands are projected to decline under both NDC scenarios, as el secift

demand for irrigation (Figures8D-F).
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Figure 2.8. Total water withdrawals by sector (billion®jrunder theReferencé(A),

(D), (G), and (G)). Water withdrawal differences betweenNB€_FullTechand the
reference pathways in (B) Argentina, (E) Brazil, (H) Colombia, and (K) Mexico. Water
withdrawal differences between thEDC_NOCCSand the reference pathways in (C)
Argentina, (F) Brazil, (I) Colombia, and (L) Mexico.

The resultdrom Figures 2.6 and 2oint to relevantvaterland interactions

involving changes inand availabilityfor crop production and changes in agricultural
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production thawffect the irrigation demands. For example, in Argentinagroplands
expansionn both NDC scenarios (recall kigg 2.6) contributesoward increases in

crop productionKigure 2.9, putting upward pressure @amigation demands, hilst, in

Brazil where irrigated agricultural pradtion declined|ess water is demandeld is

worth noting that, irthe context of GCAMpart of the regional changes in irrigation
demands can also be associated with changes in crop types since each crop is associated

with different irrigationrequirements.
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Figure 2.9. Irrigated cropproduction by country expressed as the ratio between each
NDC scendo and the reference scenario.

Regarding irrigation for bioenergy cropscreases imdemandgelative to the
Referencecenaricare seefin Mexico under both NDC runs in the near and long term
(Figures2.8¥L). This is in line with results from previous sections that point out
Mexico as the country with the largest proportional increase in biomass participation
in the energy mix anwith the mostpronouncecdexpansionn landto grow biomass

Both NDC scenariokead toless watedemands ithe manufacturing sector over time
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This occurs because ahoverall reduction of all goods and services produced in the

sector which isinduced by the mitigation policy t®@ducethe demand foenergy.

Across all countrigschanges irelectricity water withdrawalsoccurin both
NDC scenarios in response to thaidability of CCS. In general, both NDC scenarios
signal modest water withdrawals reductions relative to the reference in the near term,
which are due to small reductions in electricity generation and the consémwent
waterusagefor power generationVhen CCS is availableNOC_FullTechscenario),
Brazil and Mexico showronounced increaseswater withdrawals over the long term,
consistent with the timeframe when CCS is substantially deployed in these countries.
On the otherhand, lower water demandse notedin Colombia throughout the
simulation period.Given the modest level of CCS deployment in the Colombian
primary mix (shares of 1% and 14% in 2030 and 2050, respectirady);ecdelectricity
generation in particular fromthermal sources(comparé with the reference case)
played more relevant rol@s reducing water demands$n Argentina, which shows the
lowest level of CCS deployment, saynificantwater demand pressure in the power

sector is noted.

In the case of theNDC_NOCCSscenario,electicity water demands are
consistently lower than the reference in all countries. Wihillee neaiterm, this isdue
to a reduction in power generation, the overall lamwgn redation in water
withdrawak resulg from the expansion of windnd solapower(Figure2.10, despite
the increase athe waterintensive nuclear energy this scenario (recall Figes2.4
and 25). Note that the longerm expansion of solar energy displayed inuFef.10

also includes the waténtensivesolar CSPtechnologythat responslifor most of the
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water withdrawal volumes associated with solar energy in 2050. However, the overall
net effect of the expansion of renewables inKEC NOCCSscenario is to reduce

powergeneration water demands.
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Figure 2.10 Water withdrawals (right bars) by power generation source (left bars)
under theNDC_NOCCScenario for (A) Argentina, (B) Brazil, (C) Colombia and (D)
Mexico.

2.5 Conclusions

This study presents an integrated assessment of potential implications of
mitigation strategies consistent with the Paris Agreement architecture on the EWL
nexus resource systems in Latin AmeriGCAM was used to develomitigation
scenarios in which taggs are consistent with the NDCs submitted by Argentina, Brazil,

Colombia and Mexico, followed by stringent p@&30 emissions reductions
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assumptions. The two policy scenarios explored hemeicharacterized by differing
degrees of lowcarbon technologgeployments in tandem with a lasdctor strategy

that prevented forest loss and stimulated afforestation. This approach allowed the
opportunity to explore two radically different energgrctor decarbonization routes and
their interplays with the land anglater sectors in each countty.is foundthat the

policy scenario results entail relevant differences relative tiaseline case(1)
growing irrigation demands up to the midcentury in all countries, except for Brazil; (2)
larger irrigation demands toultivate bioenergy crops in Mexico; and (3) larger
electricity water withdrawals in countries that largely deploy CCS over the tiemg

(Mexico and Brazil\ersus reduced demands when GE&navailable.

The central insight athis study is that the iplementation of NDCs in LAC
can result in critical countrlevel synergies and tragdfs within the nexus domain
associated with the portfolio of mitigation strategies. Relevant consequehces
mitigation can be unleashed in many ways. One importantrfesctioe range of forest
protection measures (a crucial mitigation component in Latin America), which affects
the overall cropland availability. This process, in turn, may interfere with food
production levels and irrigation demands. For example, in Bvérdre the results
revealedforested areas growth partially achieved at the expenses of croplands, there
were implications in terms of reducetbp production and lower irrigation demands.
In addition, the results from Argentina, Colombia and Mexico suglgasnonrforested
ecosystems, most of them already under serious threats, may be put at additional
pressure within a landgector mitigation framework centered on forest protection.

Modeling experiments(Popp et al. 20145how that,within a forest conservation
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scheme theseareas become major options for cropland expansion, thus requiring
efficient land management and technological innovations in agriculture for their
protection. Within the land and water domains, results from Mesatiofor careful
consideration on the role of the secaygheration bioenergy in future mitigation
strategies in face of the land and water requirements to cultivate bioenergy crops.
Finally, the rolea transition toward less carbamtensive power sectemay play in
increasng electricsector water usage in LA@as made clear in the resultds
previously discussed, loearbon sources with high water requirementsude CCS,

which was emphasized in theeenario desigof this study but alsosolar CSP ad

nuclearenergy

In face of a potential tradeff between gricultural water demands actimate
policy, the results highlight the need of demaside responseshat incorporate
improvementsn water and land manageme@ptions applicabléo the arid and semi
arid regions of Latin America includ@creased irrigation efficiencgnd changing
cropping patterngoward less wateintensiveand droughtesistantcrops(Magrin et
al. 2014) Given the inefficient irrigation infrastructure in LAC, which is heavily reliant
on surface (flood) irrigation 95.6% of irrigated land¢de Oliveira et al. 2009)
important water savings could result from the implementation of modern irrigation
methods. Mean differences iefi d ap p | i ¢ a betwean the lEagffciee nci e s
surface systems and the sprinkler and drip systems are about 27 and 40%, respectively,
in the South America regiof@agermeyr et al. 2015)hese large differences suggest
thatthe additional agricultural water demandsrfduntheresults could be reduced by

ashift in irrigation technology
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Circumventing climate change through ambitious efforts is the major priority
within the Paris Agreement framework. In this context, the full implementation of the
current NDCs has beerelated to important reductions of the pa820 GHG
emissions. Nevertheleshese emission pledges have been considered insufficient to
[ i mit gl obal warming to |less than 2UC wit
mitigation efforts after 203(Fawcett et al. 2015; Rogelj et al. 201Bpmpingup the
stringency of the Paris pledges will be a focus of attentitimeicoming years as Parties
are requested to resubmit their NDCs by 2020, and periodically assess their progress
by means of a process known as global stocktake (first global stocktake planned for
2023). To inform the global stocktakeopess, a number studies(lyer et al. 2017;
lyer et al. 2018; Peters et al. 20hiAve pointed out the necessity afystematic and
broader process of assessment of the progress of the goals of the Paris Agreement
through a multiobjective framework that incorporates, for example, the implications

of NDCs on the SDGs.

This studyreveals relevant implications for tladorementioneddeliberations
that will support the updating and enhancing of the NDCs. Birspost2030 results
highlight the potential exacerbation of cressctoral implicationsn the four major
LAC economies when mitigation efforts are strengtheneshdd, more ambitious
NDCs may imply higher risks of unintended consequelfses further comments on
the potential exacerbation ahitigation tradeoffs understringent climate targets
below). Second, the clear common objectives within the nexus concept and in the set

of goals and targets of the SDGs reinforce the value of an assessment and updating
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NDC framework that incorporates considerations on the nexci®rseand their

interdependencies as a mean to contribute toward sustainable development.

While this study provides important insights regarding the climate policy
(NDCs)energywaterland nexus interplays in LAC, any conclusions drawn should be
mindful of the assumptions underlying the model and scenakitimitation in terms
of technology relates to the fact that GCAM currently does not have explicit
representations of the various existing irrigation systems, which would be important to
guide relevant ecisionmaking in LAC. It is also worth mentioning that GCAM water
delivery-efficiency factors, assigned by crop type and region, are held constant over
time (Hejazi et al. 2014a)An additional aspect of thmodeling approach is that water
supply is assumed an unlimited resource. This meansthimtstudy does not
incorporate feedbacks exerted byygical water constraints from growing regional
demands or climate change on energy and agriculturahsysbe fact, climate change
can result in additional pressure on nexus systems in LAC. This type of concern has
been supported by robust differencesragional climate characteristics between
preserdday and global warming of 1.5°C and between 1.5°C and 2°C warming levels
(IPCC 2018)Future research should then be directed at incorporating climate impacts
on the water supply as well as on the renewable energy potential to understand how
suchstressors will propagaseross the nexus systems in LA@oreover, land policies
influence the amount of mitigation effort needed in the energy sector, also interfering
with land availability for food production. Hendbgeseesults are sensitive to thend
policy (implemented via terrestrial carbprices) applied here. Additional steps

toward a better understanding of the implications of climate policies on the EWL nexus
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in LAC will require the implementation of comprehensive kaalkhted policies, wich

will reveal important interplays with the other sectors.

Finally, it is important to note th#tis analysis focuses on the upper bound of
the Paris Agreement lortgrm climate goals in line with previoligerature that has
examined 2C-compatible scenarioge.g., lyer et al. 201k Nevertheless, the
Agreement called for additional efforts to limit eaficentury global warming to 1.5
°C above prendustrial levels(United Nations 2015a)Previous globascale studies
(Bertram et al. 2018; Rogelj et al. 201that have examined differences between 1.5
°C and 2 °C scenarios emphasized that the 1.5 °C target requiresiéastdonization
of the energy supply, Ceutrality around the midentury, net negative emissions in
the 20502100 period, greater efficiency and demwaige reductions and profound
transformations in the langse. Hence, increasing mitigation ambitfoom 2.0°C to
1.5°C may result in greater and4trvial challenges within the nexus in Latin America.
Moreover, the manner in which emission reduction policies are implemented can lead
to different pathways in terms of nexus synergies and-o#deAs shown byBertram
et al. (2018) increasing mitigation ambition from°Q to 1.8C in scenarios
characterized by econonwide policies implemented via global carbon prices
exacerbated tradeffs such as those associated with land requirements for bioenergy,
CCS and water extraction. On the other hand, when a range of sustainable policy
measures were incorporated into the origgtanariadesign, mitigation risks could be
largely alleviated or even compensated tierresearch is then needed to examine the
implications for the EWL nexus in LAC of the transformations required to meet th

1.5°C goal to address, for example, the possibility of exacerbation of nexusffade
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relative to the 2C warming level and under which policy mechanisms neggsés or

synergies can emerge.

The results and insights outlined aba¥ker an opportunityo discuss a change
in the manner current decisiomaking has beemmade about NDCs, that is, without
sectoral integration and strategic plamgnto minimize potential nexus tradeffs.
Embedding the ONexus Approacho citicalta he pol i
align a more efficient stewardship of nexus resources with NDCs progressively more

stringent with time.
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ChaptPeorwed: sector investment i m
| mpacts on renewabl e resources
Cari hlSemaant o0s da Silva et al

3.1 Abstract

Climate change mitigation will require substantial investments in renewables.
In addition, climate change will affefuture renewable supply and hence, power sector
investment requirement$his studyaddressethe implications of climate impacts on
renewables for power sector investments under deep decarbonization using a global
integrated assessment modelclsis pacedon Latin American and Caribbean, an
understudied region but of great interest due to its strong role in international climate
mitigation and vulnerability to climate chandeis found that accounting for climate
impacts on renewables resultsigsii f i cant additi onal I nvestnmn
by 2100 across Latin American countries) for a region with weak financial
infrastructure.li is also demonstratethat accounting for climate impacts only on
hydropoweri a primary focus of previous studiéssignificantly underestimates
cumulative investments, particularly in scenarios with high intermittent renewable
deployment.This study underscores the importance of comprehensive analyses of

climate impacts on renewables for improved energy planning.
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3.2 Introduction

After the 2015 Paris Agreement, nations worldwide have pursued climate
change mitigation strategies in the form of nationally determined contributions (NDCs)
and longterm strategies (LTSs). These strategies typically include substantial
renewable energy (RE) deploymdRederative Republic of Brazil 2015; India 2015;
SEMARNAT-INECC 2016) Nevertheless, climate change might influence RE
generation through loagerm alterations in various environmental caiotis. For
example, climate change could affect biomass crop yields and hence biomass potential
(IPCC 2012) Likewise, climate change could affect streamflow, with implications for
hydroelectricity generatiofSchaeffer et al. 20125o0lar power production may be
impaired by reduced surface solar radiatiderez et al. 2015pr could increase (e.qg.,
concentrating solar power) or decrease (e.g., photovoltaics) with rising air temperatures
(Crook et al. 2011; Wild et al. 2017; Wild et al. 2018jind power production could
be affected by changing wind speed and air density pat(&unek et al. 2017,
Karnauskas et al. 2018 Hence, [anners need to accoufor climaticimpacts on RE
during capacity development plannitg ensure power system reliability, which is
particularly relevant in the context of decarbonization strategies centered on RE
expansion.

Most decarbonization scenarios (e.g., those reviewed by the Intergovernmental
Panel on Climate Change (IPCQPCC 2014) suggest that large investments in
renewables will be required, particularly under assumptions of limited or no
deployment of carbon capture and storage (CCS) and ntetdarologieglyer et al.

2017) In this context, there is an open question about how climate impacts on
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renewable resourcéssuch as those degimed abové could alter the understanding of
the economic implications and investment needs suggested by alternative
decarbonization pathways. Research on this question has been very limited and the
majority of mitigation scenarios in the literature da account for the impacts of
climate change. This is the case of the about 900 mitigation scenarios reviewed in the
| PCCOs Fifth AARSEBCCHARLA) EverRigedgew istadies exploring
climate impacts within the context of decarbonizaticenseios have focused only on
hydropower without a comprehensive analysis of impacts on all renewable sources.
With growing literature highlighting that the energy sectomcluding RE
productionmay face serious impacts due to clinatanggCronin et al. 2018; Solaun;
Cerda 209; Yalew et al. 202Qthere have been efforts to incorporaliemate impacts
on renewables into energy and integrated assessment models (IAMs) to support
decisionmaking. Methodologically, many of these studiedy on detailed process
based models (for example, hydrologic models, crop models, general circulation
models (GCMs)) capable of simulating climatepacted environmental responses that
are used to modify IAM parameters linked to RE productitmwever, hydropower
the renewable that currently contributes the most to the global electricity $LIRPE
2012) has received considerably larger attention from the 1AM literature and climate
impactstudies in generas pointed out by recent literature revié®@sonin et al. 2018;
Emodi et al. 2019; Solaun and Cerda 2019; Yalew et al. 2089d)-based studies on
climate impacts on hydropower (some of them conducted in the context of
decarbonization scenarios as mentioned earlier) have been useful in exploring climate

changeimplications for electricity poduction and capital investmen{&rango
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Aramburo et al. 2019; Carvajal et al. 2019; Dowling 2013; Lucena et al. 2018;
Savelsberg et al. 2018; Turner et al. 2017; Zhou et al. 280®her group of IAM

based studies has addressed impacts on the agriculture sector (which affect biomass
potential) by incorporating biophysical crop yield chandede etal. 2014; Nelson et

al. 2014; Ren et al. 2018; Snyder et al. 20R®gardinghe representation of climate
impacts on solar and wind resources in IAksearch efforts are still incipient, and to

the best of our knowledgémited to only two studiegDowling 2013; Gernaat et al.

2021) Consequently, there is a gap in the literature on a comprehemslesis of

climate impacts on all renewable resources and their implications for electricity sector
investments. Studies that focus on climate impacts on individual resources do not
account for the compounding effects of climate impacts on multiple edriewwources

and may thus undepr over estimate investment requirements. Another gap in the
literature is the lack of regionalpcusedstudieqCronin et al. 2018; Solaun and Cerda
2019) While globd studies are useful in characterizing the scale of a problem, policy
decisions are made at national to -sdional scales. Hence, regional analyses with
focus on national issues and circumstances are important to enhance relevance of the
analyses to desiorrmakers. This study fills both of the above gaps.

In this study, tmate impacts on all renewables, namely, hydropower, biomass,
solar and wind,are incorporate@ithin the Global Change Analysis Model (GCAM)
(Calvin et al. 2019)Using this improved version of the model, changes in electricity
generation patterns and future investment needs undarbdeization scenaricare
examined Forthe purposes of this studigcusis placedon Latin American and the

Caribbean (LAC), a greatly undstudied region despite its global relevance. For
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instance, in 2017, RE r epr goereratioevtisabout 56
global average of 26%4KIA 2019)andFigure3.1). Hydropower and bioenergy have

dominated the regional RE portfolio, however, solar and wind have experienced rapid

growth in installeccapacity from 0.79 to 27.31 GW between 2008 and ZIRENA

2018) This growth is expected to continue due to strongies (IRENA 2016) and

the strategicroleof REinmay L AC coutegaalsesd cl i ma
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Figure 3.1 Shareof renewable energy (bioenergy, geothdrmhadropower, solar and
wind) in total electricity generationn the LAC regioncompared tdhe average of the
rest of the worldtpp); and by individualegiors (bottom). The share of renewables in
power generation was computed as totslewable electricitgenerationdivided by
total generatiomxpressed in relative (%) terms. Source: GGRAMC total electricity
generation by region in 201@sétcalbratedyeay).
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Despik the increasingly important role of RE in LAC, notably in the electricity
sector, currentegional consumption dbssil fuelsremains a challenge for climate
mitigation(fossil fuels represented roughly 70% of total primargrgy supply (TPES)
in 2015(IEA 2019)). TPES in LAC depends primarily on oil, natural gas, bioenergy,
and hydropoweflEA 2019)with large oil and biofuelasein the transportation sector,
while hydropower, natural gas and oil comprise most of the electricity s(ggoshown
earlier in Figure 2.1 and2.2). However, at suvegional/country levels, important
departures from the overall LAC profile exist. For exampdgardinghydropowey
whichdominates regional electricity mixes (notably in Uruguay, Brazil and Colombia),
except for Mexico,Central Americaand the Caribbeaand Argentina wherenain
generating sources are natural gas aidFigure 3.2. Absent efforts to constrain
emissions, fossil technologies in LAC are projected to expaardRuijven et al. 2016)
(Figure3.2provides projections from the GCANBaselingNo Policy)scenario, which

assumes no emissions mitigation actions throughout theetttury).
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In light of this, previous LAC decarbonizatisnenarios agree that renewables,
mainly biomass, solar and wind as well as CCS technologies appfassiduels and
biomass are critical to mitigate energgctor emissions, with nuclear energy typically
playing less relevant roléBinsted et al. 2020; Calder@bal. 2016; Kober et al. 2016;
Lucena et al. 2016; Santos Da Silva et al. 2019; van der Zwaan et al. ROtt&se
scenarios, hydropower remains important, but its contribution to regional total
generation falls over time, as hydropower capacity expansion is not expected to follow
growing demandgSolaun and Cerda 291

Under future climate change conditions, RE production in LAC will potentially
face several challenges. By the end of th& &intury, multimodel projectionsising
the representativeoncentration pathways (RCR#pCC 2014)showmean warming
levels reaching 0°€ to 2.0C in RCP2.6 and 2°2 to 7.0C in RCP8.5, and both
positive and negative rainfall anomalies across the re@ibagrin et al. 2014)
Although there is large uncertainty intrinsic to these dénmaojections, their effect on
future estimates of hydropower potential is manifestettrms of a strong regional
variability of impacts from gains in Uruguay and the southernmost basins of Brazil to
losses in northern Brazil, Colombia, northern South America, Argentina, and southern
South America(Khan et al. 2020; Popescu et al. 2014; Ruffedoreira et al. 2017;
Turner et al. 2017)The limited literature focusing on LAC suggests increased wind
and solar resource potentiats Brazil (de Jong et al. 2019; Pereira de Lucena et al.
2010; Pereira et al. 2013; Ruffdt@rreira et al. 2017and, possibly, a positive general
response of the nalLAC bioenergy feedstock, sugarcane, to regional climatic changes

(Magrin et al. 2014fmore details are provided in the next Secti@gspite its large
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socioeconomiand physical vulnerability to climate change, LAC has been poorly
covered by energgector impacstudies, whichare either global in scope or largely
focused on Europe and North Amer{&ronin et al. 2018; Emodi el. 2019; Solaun

and Cerda 2019)

3.3 Climate change impacts on the renewable energy supply and potential effects in

the Latin America and the Caribbean region

This section briefly reviews major climate change effects on the RE supply.
Note that impacts on the whole energy sector, including other relevant aspects such as
climate effects on thermoelectric efficiency dar@hsmission systems, extreme events,
among othersare not included. flese impacts are discussadSchaefferet al 2012
Cronin et al 2018,and Solaunand Cerd42019 This section attempts to emphasize
impacts projected fahe LAC regionpublished on peeareviewed articles after 2010,

albeitsomewhatimited by the weak literature cevage in the regiomentioned above.

3.3.1Bioenergy

Assessing climate impés on the agricultural system, that can affect biomass
production, is complex due to the potential plants exposure to a range of biological and
environmental stresses, and to the large uncertainty within the impacts modeling chain
that involves general circulation model (GCM) outputs driving responses of crop
models spanning different structures, assumptions and appro@eleesl] changes in
agricultural yields can be positive or negative depending on the warming levels, rainfall
changes and CQertilization with responses varying widely by crop type argiae.

CQO fertilization is acknowledged as a key modulating mechanism that can partially
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offset additional plants transpiration requirements by promoting increased water use
efficiency (IPCC 2012) Although there might be some benefits for certain crops at
mid- and highlatitude zones at moderati@ medium levels of local warming {3°C),

for a wide rage of regions and crops, impacts tend to be predominaetigtive
particularly in the tropical region#PCC 2014; Rosenzweig et al. 201d@nderhigher
warming levels, crops can also bre susceptible to deleterious effects associated
with plant diseases and pest outbreaks, elevated tropospheric ozone concentration and
higher risk of occurrence of extreme events (i.e., heat stress, droughts, (fTadus)o

et al. 2007)

In LAC, the two most important bioenergy feedstocks augarcane and
soybeans employed in bioethanol and biodiesel production, respectively. According to
the lastiPCCreport(Magrin et al. 2014)both cropsare, in general, likely to respond
positivelyto CQp concentratiorand temperature changa®jected for the regiqreven
consideringa decrease in water availabilityowever, a large variability of impacts at
smaller sukregional scales is expected. For examplee study(Marin et al. 2013)
useda sugarcane growth mod#iat includes Cofertilization forced by downscaled
outputs from two GCMs under high almv emissions scenarios of theCC Special
Report on Emissions Scenarios (SREB) found increases moductivity and better
water use diciency for rainfed sugarcane in southern Brazil in all scenaRogjected
yield increases in this region (which is currently the nsaigarcaa plantation area in
the country) ranges between 15 and 59% in 2050 relative to paeseaterage yield.

On the other handanothermodeling study(Carvalhoet al. 2015) focusng on a

subdomain witin the northeasterBrazil (a region considered particularly vulnerable

59



to climate change where drougktents are recurrentfound sugarcane yield
reductionsoy 2040and 210Gor the moderate A1B SRES emissions scenamother
study(Rolla et al. 218)employed theDSSAT cropping system model forcdxy the
CCSM4 climate modelnd found significangield increasesf rainfedsoybearcrops

in Central Argentina for the nef@015 2039)and far(20752099 horizons relative to
preserdday conditionsuinderRCPs4.5 and 8.5The vyield increases were found to be

associated witlprojected increasen summer rainfalln the region.

3.3.2Hydropower

Climate change can modify surface runoff owing to shifts in mean annual and
seasonal precipitation, in evapotranspiration patterns and in the amount and seasonal
cycle of snowmel{Schaeffer et al. 2012)vhich would affect the mean riviow and
flow seasonality In addition, more frequent flooding events may affectsdiety of
d a misfi@structure. Therés also great complexity in assessing climate impacts on
hydropower that relate to very regispecific climate responses and local interactions
with socioeconomic agents that compete for water resoffrent et al. 2014)
Moreover, the inherent GCMs uncertainty adds up to taosig from distincglobal
hydrological model{GHMS). The latter can result in a larger spread in simulated
streamflow tharthe spread originating fro@CMs (van Vliet et al. 2016b)

Due to the strong neuaniform distribution of projected temperature and
precipitation changes around the glgeCC 2014) currentunderstanding is that
hydropower potentials may increase in certain areas whereas other regiciaseray
decline.For instance, onstudy (Hamududu; Killingtveit 2012 project small global

and regional changes lnydropower generatioloy 205Q with slightincreases in some

60



regions (e.g., Americaly 005%), andreductionsin other areas (e.g., Eurojy 1
0.1699. Nevertheless, many of the global and regiatatlies summarized bgcent
literature reviewqCronin et al. 2018; Solaun and Cer2@l19) point out to larger
climateinduced changes in runoff, streamflow, hydropower potentials or generation
dependingon the study scope. According eme recent revieWCronin et al. 2018)
positive impacts tend to be located in high latitude aeegsCanada, Russia, northern
Europe, northeasthina)whereas negative impacts terdbie located in regiorsuch

as southern Europe, southern USA, south€hsta and southern South America.

Within the LAC domain,potential hydropower generation lossasBrazil,
Chile, Colombia and Costa Rica, and substantial uncertainties surrourtdingged o r 6 s
hydrological projections have been repori®dlaun and Cerda 2019 the paricular
case of Brazilgne of the largest hydroelectricity producers in the world), a recent study
(Ruffato-Ferreira et al. 201 A)sed the Eta regional model to dynamically downscale
projections from the global model HadGEMES under RCPs 4.5 and 8.5. By
computing the variation of the water balance index (function of precipitation minus
evapotranspiration rates) up to 2100 for the eight main watersheds in the cthntry,
studyhighlighted a decmesing trend in water availability for watersheds located in the
north and center of the country and an increasing trerabfaherrwatersheds both
RCPs The mostpronounced trenaf increased water scarcityas found for the
northeastermrazil. In face of apotentialmarkedsubregional variation ofimpacts on
water availability assuggested bRuffato-Ferreiraet al 2017 it can be expected
that the net effect of climate change on the total hydropower potential in Brazil will

depend orthe locaton of the installed capacity as well as on the planned capacity
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additions. Currently, the majority of hydroelectric power plants are in the Midwest and
Southern regions, with the Southwest region accounting for 70% of the hydropower
storage capacitfDe Souza Dias et al. 2018)lowever,currentgovernmenplans of
hydropower expansion in BraZibr the next decade focus the Northwest (i.e.,
Amazon) regior(Almeida Prado et al. 2016)

As notedabove climate impacts on hydropower have been represented in
IAMs. For examplepne study{Turner et al. 201 7prced a coupled global hydrological
and dam model with an ensemble of 16 GCMs (RCPs 4.5 and 8.5), incorporating the
projected changes in hygrower potentials inGCAM. The multtmodel mean
response signaled losses in future hydropower generation in northern South America,
Argentina, southern South America, Colombia, and Brazil, albeit with a lack of
agreement in the direction of changes for th#er three regions. This same
methodology and GCM forcings were employed in regional studies covering Brazil
(Lucena et al. 2@) and Colombia(Arango-Aramburo et al. 2019)in which the
median changes in hydropower generation up to thecemtury resulted to be
negative. However, the spread in simulated 2050 hyavepgeneration was large,
spanning from13% to +4% in RCP 4.5, and2% to 2% in RCP 8.5 in Brazil, and
from about20% to 0% for both RCPs in Colombia.Uruguay hydrology simulations
using the model Xanthdsrced byfive GCMS andfour RCPsprovided vater supply
information that wasncorporated in GCAM This modeling frameworlprojected
increases in runoff and hydropower by 2@800ss the 20 simulations perforn{&than

et al. 2020)
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3.3.3Solar

Solar largescale electricity generation comprises two main technologies:
photovoltaics (PV) and concentrating solar power (CSP). In both cases, the primary
climate impact derives from alteratiomsthe spatial and temporal distribution of the
incident solar radiation at the surfadeownwelling solar radiation is attenuated
through absorption by atmospheric gases (in which water vapor plays an important
role) and aeros@articles Moreover, the incident radiative flux is attenuated through
scattering by aerosslcloud droplets and ice crystal¥he aerosol burden of the
atmosphere can also influence the amount of incident solar radiation indirectly by
affecting cloud propertiesush as cloud albedo and lifetime. All these atmospheric
constituents are subject to changes due to the anthropogenic interference on the climate
system. Overall, CSP systems are considered to be more vulnerable than the PV
counterparts since the formeriesl exclusively on the direct component of solar
radiation, whereas the latter utilizes both direct and diffuse solar radiAtient et al.

2014) Within a global perspective, multhodel e-of-century projections from the
Coupled Model Intercomparison Project phase 5 (CMIP5) show consistent reductions
in annual mean total cloud cover in low to ARmditudes under increasing warming
levels, notably the RCP8.&ollins et al. 2013)However, other effects also play
relevant roles with fundamental differences between both technologies.

PV systems rely on panels or modules connecting several PV cells
manufactured from a semiconductor material, pnedantly silicon. For this
technology, increasing mean temperatures negatively affect cell efficiency reducing

power output. In general, PV cell efficiency drops approximately 0.5%¢@antrease
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considering PV technologies such as crystalline silicahthinfilm modules(Arent

et al. 2014) PV efficiency is also influenced by the wind flow around the module,
which produces a cooling effg@flavromatakis et al. 2010CSP facilities operate with
an array of typically hundreds of highagnification mirrors or lenses that focus the
sundéds direct beam radiation on thermally e
fluid that is used to drive steam turbingSSP outpw increase almodineaiy in
response to ambient temperaturat the dominant effect lies on the response to solar
radiation changeCrook et al. 2011)Apart from the potential to reduce the amount of
incident solar radiation, increased levels of dust and anthropogenic particulate matter
being deposited on PV panedd CSP collectors diminish electricity generation
(Bergin et al. 2017)

The three following globalscale studies have used large GCM CMIP5
ensembles to investigate climate impacts on PV and CSP outputs, addressing
specifically the RCP8.5 he first(Wild et al. 2015)found that the temperature effect
is likely to compesate gaingrom an increase iincoming surface solar radiation,
leading to negative trends in PV power output by the midcentury in most parts of the
world. Overall, the mjectedpower changes between 2006 and 2046re about
1%/decadeln contrast, the midcenturySP output was found to increase over large
parts of the globe due to the combined effect of increasing mean temperatures and
positive trends in surface solar radiation projected by the CMIP5 m@dfdts et al.

2017) In the third studyZou et al. 2019)increasingrends of PV powefmodeled as
function of temperatureyerefound in East Asia, Europe, Central Afiiche northern

part of South America, Central America, arehtral and eastern Chimathe 2006
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2100 period. Such a trend was attributed to exréasingtrend in the atmospheric
aerosoldurden. For other regions suchNarth Africa, CentralAsia, Austalia, and
especially the Tibetan Platealecreasingrends ofPV powerwere found, associated
with increasing aerosol burdeasdcloudiness in the cases of tRerth Africa and the
Tibetan Plateategions.

Theexamination of the literature revealed only one stig#yJong et al. 2019)
focusing on a LAC domain. This study employed a downscaled regional climate model
forced bythreeCMIP5 GCMs under RCP8.5, and projected a slight increase in average
incoming surface solar radiati across most of Brazil. Particularly in thertheastern
Brazil (where most of solar and wind power capacities have been concentrated on), the

projected increase is of about 3.6% by the 2080s relative to the 1970s.

3.3.4Wind

The theoreticakéxtractable power of wing directly proportional to the near
surface wind speed to the third power and air derfBityek et al. 2017)Hence, the
inherent physical relationship involving the general atmospheric circulation, surface
pressure and temperature gradients render large tedcaia wind potential sensitive
to global warming, resulting in alterations in the mean and extreme speeds,
direction as well as in the resource variability across different tempoadsPryor;
Barthelmie 2010, 2013)While changing annual and seasonal mean wind speeds affect
powergeneration capacity, changes in the magnitude andédrey of extreme wind
speeds can affect farms infrastructure through damages to the turbines.

A recent globakcale studyKarnauskas et al. 2018pased on an ensemble of

ten GCMs fom CMIP5 under RCPs 4.5 and 8.5 portrayed decreases in wind power
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across the Northern Hemisphere ratitudes and increases across the tropics and
Southern Hemisphere (in this case with substantial regional variations and larger
sensitivity to the emissns scenario). These responses were attributed to the polar
amplification in the northern mithtitudes, whereas enhanced laseh thermal
gradients governed the tropical and southern subtropical increases. By investigating
some focal regional domains ironedetail, the study revealed increasing wind power
over time for subdomains covering the MexiCaribbean and eastern Brazil regions
and an opposite pattern in southern South America under the RCP8.5.

Narrowing down to regional impact studies in Latin éina, the existing
literature has focused in Brazilwo studiegPereira de Lucena et al. 2010; Pereira et
al. 2013)employedprojectiondrom theHadCM3GCM (dynamicallydownscaled into
regional climate projectionsgunder hgh and low IPCC SRES emissions scenarios,
showinggrowth inresource availability imost regions over the long terparticularly
in the Northeast region of BraziFrom both studies, the most conséineis Pereira
et al (Pereira et al. 2013)n which the average future growththe wind power density
inland formost d Northeast falls within the 180% range relative to the 194290
baselineThese edier findings agree withecentanalyse¢de Jong et al. 2019; Ruffato

Ferreira et al. 2017)vherewind speeds are projected to increase across most of.Brazil

3.4 Methods

34.1 GCAM-LAC

This work was carried out in a research version of GGAM.3best suited for

analyses in LAC (GCAMLAC) (Khan et al. 202Q)in which important model
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assumptions have been refined in consultation with local stakeholders. These include
socioeconomidrivers, the disaggregation of Uruguay as a distinct geopolitical region

and parametric assumptions affectergergy supply, energy demand, and-aed

3.4.2 Climate impacts on renewablesnodel representation

GCAM was forced with representations of changing agricultural productivity
and hydropower production as well as with climatpacted solar and wingsource
costsupply curves These inputs are based biascorrected projections from the
GFDL-ESM2M, HadGEMZES and IPSECM5A-LR GCMs obtained from the Inter
Sectoral Impact Model Intercomparison Project (ISIMIrieler et al. 2017,
Warszawski et al. 2014)nderRCP2.6 and RCP6.0

To account for climatic impacts on agricultural productivity that affect the
modeled biomss productiongcrop yields simulatedby the parallel Decision Support
System for Agrotehnology Transfer (pDSSAT the parallelized global gridded
version of the DSSAT modéElliott et al. 2014; Jones et al. 20D@)ere usedo modify
GCAM baseline (i.e., nalimate impacts) crop yield change assumptions (based on the
Food am Agriculture Organization projection&Kyle et al. 2014). The pDSSAT
dataset comprises gridded annual yield information for looipated and raiffed
crops which allowed climatenduced yield changes to be applied separately into
GCAM rainfed and irrigated crops Applying yield estimates frorpDSSAT into
GCAM requires some data processing to accommodate differerspstial, temporal,
and commodity resotionsbetweerpDSSATand GCAM. One of these key steps is to
match crops represented pRSSATwith the commodities modeled in GCANM the

specific case of the secog@neration bioenergy crops (such as switchgrass,
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miscanthus etc), which are not repsented bypDSSAT, GCAM6s bi omass

commodityreceives the median ofimateimpacts to all other commodities. Note that
GCAM requires yield change assumptions to calculate the expectegrizitdbility

in eachmodelland unit at each time stephus the effect of the climatenpacted yield
change assumptions is to modify syehbfit rates acrosend units in the model, which
are used taletermine land allocated to each land type (croplammassgrassland,
shrubland, pasture, forest, etc.). hd ombination of yields and endogenous land
allocation determines agricultural production in each land unit at each timggtep

et al. 2014) The pDSSAT simulations used in this study are part of the Agricultural
Model Intercomparison Project (AGMIP(Rosenzweig et al. 2014and were taken
from the experiments that included efertilization effects.

Hydrology simulations from the global hydrological model (GHM) Xanthos
(Vernon et al. 2019)vere used to modify GCAMefault hydropower assumptians
Specifically, hydropower defaulassumptions (derived fronthe economic and
technical potentials estimated by the International Hydropower Assoc{@avin et
al. 2019) are exogenous inputs in GCAM containing predetermined quantities of
hydroelectrity production (inEJ) for all time steps and regioriBhese prescribed
guantitieqread in at the start of a simulatjdhendetermine the temporal evolution of
hydropower production by GCAM region. This means that hydropower production
does not result from the modeledoaomic competition like all other powsector
technologies represented in GCAM.

To incorporategains/losses hydropower production under evolving climatic

conditions, Xanthos is used to provideformation regardingrenewablewater
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availability in the 235 large river basins represented ithe model as well as
hydropower productianTo do so, Xanthos requires gridded monthly precipitation and
temperature fields from GCMs to solve for monthly runoff and other variables at grid
cell level globally. UsingXanthos 2.0, future projections of hydropower production
were computed through a buiitt hydropower module that requires gridded streamflow
projections (converted from the simulated runoff) to drive dam simulatibmis.
modeling chain produced modifiedsauumptions of regiondlydropower production
that incorporatelimate change effects. These assumptions tirenreused to replace
default GCAM assumptiorss mentioned above

Climate impacts on solar and wind resource productamesmodeledising
supply awrves These curvemapthe availability of energproduction as a function of
energy priceand are important assumptions to the motleésupply curveemployed
in this studywere built upon the global estimates of renewable energy potentials
producedaspar t of tehnee r&glyS | ppreod(iadewoel ab. 2020using e c t
climate variablege.g.,solar radiation, temperature, v speejl from thelSIMIP2b
simulations These data consisf gridded (0.5 spatial resolution) maps of technical
and economic potentials for four generating technologies (concentrating solar power,

photovoltaics utility-scale and rooftopand wind), overing three distinct timslices
(1971 2000: historical conditions; 2032070 and 20712100: future climate states)

produced thoughmethods documented Gernaat et al. 202Chapter 4 will discuss

in details how wind and solar technical potentialscaraputed in the literature)
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ISIpedia information onwind and solartechnical potential (given by the
gridded maps of technical potential) agldctricity cost{given by thegridded maps
of economic potentia), were used to derivéhreetime-varying supplycurves per
renewable sourc&CM and GCAM regionAppendixB; Figures B1 B.12), which
replacel GCAM default assumptions that do not consider climate change stiact
solar and wind sourcef the case of wind, the default supply curves derive from a
reanalysis dataset covering the 12809 periodZhou et al. 2012)Solar energy is
modeled as two separate resources: global solar resource and distributed PV
(accounting for PV installations on residential and commercial buildiQfSTRI
2019) While the distributed PV resource is modeled with supply curves derived from
an observational solar radiation datad@eénholm; Margolis 2008)no costsupply
curve is implemented for the global solar primeggourcerepresenting utilityscale
solar technologies), which is assumed to be an unlimitedires with very loncosts
that do not vary with deployment levé[KGCRI 2019)

Replacing GCAMdefault assumptions by théSlpedia supply curves has
important implications. In GCAM, primary renewable resource production and their
resourcerelated costsserve as inputs to the electricity sector, which contains
representations of distinct generating technologies (fossil fuels, geothermal,
hydropower, intermittentenewables and nuclgaihe cost of generating electricity
given by the renewables supply curvepresents the fuel costs that GCAM uses to
calculate thédevelized cost of the technologyin time period, 1} j, given by:

6 p T TOT 0 on . (2)
&#2 —2" 4
- P X @& px gree ~ °F°
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Where0 is the fuel cost (1Wh); — is the power plant efficiencyg is the
overnight capital cost (BW), # &s the capacity factor of the technology, FCR is the
fixed charge rated o is the annual fixe®peration and Maintenand@®&M)
cost IMW); # o § is the variable O&M cost (MWh) and 8760 is the number
of hours in a year. The list of electric power generation technologies represented in the
model and their input assumptions av&ilable in the literatur@luratori et al. 2017)
Thus,higher/lower average availability of a renewable resodugeto climate change
would translate into shiftingupply curves, which would affe@@ in Eqg. 1above.
This wouldindeedtranslate into altetionson generating capacitgsn j is used to
compute the share of regional electricity markets egeherating technologyyY
capturesat timeo (O ). As mentioned earlierhts market cmpetition is modeled by a
logit formulation(Calvin et al. 2019yiven by (notehat hydropower is set aside from

economic competition since hydropower production is a fixed input to thdelino

)

Wherern j is the levelized cost of the technolo@yn time period t Eq. 1), T
is an exogenous input shape parameter ang are calibration parameterghis
formulation has ammportant property in that it assigns some market share to expensive
technologies, with allows the modeltoavodlnr eal i sti ¢ Awinner tak
(Wise et al. 2019)Lastly, it is impotant to mention that GCAM includes a

representation of renewable intermittency. Like most IAMs, this is translated into costs
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that vary withthe share of renewables in the gadd add to the cost of building new
intermittent generation to secure backupazty.

The impacts on the power system due to clinchi@nge on renewables were
examined by comparing scenarios with climate impacts on renewables against identical
scenarios that neglect these effects (i.e. Nbe&limate impactscenarios) according
tothe scenarios design presented in T8dldelow. Note that climate impacts on other
relevant aspects of the energy system (e.g., building energy consu(ticke et al.

2018) thermal power generatio(Bartos; Chester 2015; van Vliet et al. 2016a)
transmission infrastructuré¢Yalew et al. 202Q) etc.) were not included irthis
experimental setup. This means ttiaseresults should be interpreted in light bfst
assumption. Althougkhe modeling frameworlemployed hergrovides a previously
unexplored picture of the effects of climate impacts on all renewables on the power
system, future investigation is needed to incorporate impacts on other components of
enggy system, such as those cited above, which are also acknowledged as key sources

of vulnerabilities to the energy systéialew et al. 202Q)

3.4.3 Calculation of capital investments in the electric power sector

The GCAM representation of capital stock turnoftey., the process by which
oldébequi pment dynewonea)irethel elecrie gower sector assumes that
generating technologies have a prescribed lifetime, and investments in new plants are
added by vintage (i.e., period in which the investment is made) in a pace that allows
sufficient generating capacity to satisfy demand. Each power plant operates until the
end of its lifetime or is retired from production if its operating costs surpass the

electricity market price. The new technology investments compete for a share of energy
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markets, which ismodeledby the logitchoice formulation discussed aboWower

sector capital investments calculation is made as fol(byes et al. 2017)Based on
GCAM outputs of electricity generation by technology, vintage and period, the first
step is to compute new and additional electricity generation for each technology in each
period, which is convéed to capacity (in GW) viaapacity factor assumptiofissted

in AppendixB, Tables Bl andB.2). This can be expressed as:

i x ALAOAGKIY pm (3)
FADAA B S AREROUQ o T

Finally, the capacityaddition calculated above is multiplied by the overnight
capital cost associatedth each technology (in Blowatt) using assumptions listed in
TableB.3 (AppendixB). Thi s yi el ds capital i nvest ments

cumulative investments ovarfive-year model period) as shown below:

~ o~ s oA~ . s Am sz

# ADEODNAOCOHRADPAAPGU / OA OT#EACEEED DI (4)

It is important to mention that capital investments computed by the method
outlined here represent the upfront costs that occur aetiening of the lifetime of a
power station. Variable costs (e.g., fuel costs and operation and maintenance costs) and

other system costs (e.g., integration) are not included.

3.4.4 Experimental Design

To account for compounding climate impacts on renésgal® illustrative
scenarios using GCAMire exploredTable 3.1). The scenarios vary across three
dimensions, namely, assumptions about the level of climate change mitigation, climate

impacts on renewables and technology availability.
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Table 3.1 Scenarios explored in this study

Technology Availability

NoCCS & _
FullTech Baseline
NoNewNuc
RCP26_NoCCS & _
RCP26_FullTech: No RCP60_Baseline: Ng
None ] ] NoNewNuc: Ne | ]
climate impacts _ _ climate impacts
" climate impacts
Q
< RCP26_NoCCS & _
£ RCP26_FullTech: RCP60_Baseline:
= Hydropower NoNewNuc:
e Hydropower Hydropower
g Hydropower
@) RCP26_NoCCS & _
All RCP26_FullTech: RCP60_Baseline:
) ) NoNewNuc: ) )
renewables | Combined impacts ) _ Combined impacts
Combined impacts
Climate
o RCP2.6 RCP6.0
Mitigation

scenarios with no explicit climate policy, which lead to a radiative forcing of

6.0W/m? at the end of the century. These scenarios are based on the GCAM Baseline

Along the first dimension, two scenario variants exidte first refers to

(No Policy) scenao mentioned earlier (note that the RCP60_Baselinecliaate

impacts scenario shown in Table 1 is identical to the GCAM IBaséNo Policy)

scenario). Mreover scenarios with greenhouse gas mitigation policies to reduce
radiative forcingare exploredThese scenarios assume that countries across the globe
(including those in LAC) achieve their NDC commitments through 2030. Beyond

2030, the scenarios assume globally coordinated mitigation efforts compatible with

limiting endof-century temperature rige 22C and with the RCP8&. (Appendix A;

Supplementariotel).
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Along the climate impacts dimension, three variatiares exploredThe first
variation, named Nalimate impacts, assumes no climatepacts on renewable
resourcesThe Hydropower scenariossaime climate impacts on hydropower only,
allowing a comparison with the approach of prior studies that have investigated
electricity-sector implications due to climate impacts on hydropo@srango
Aramburo et al. 2019; Carvajal et al. 2019; Dowling 2013; Lucena et al. 2018;
Savelsberg et al. 2018; Turner et al. 2017; Zhou et al. 20b&) Combined impacts
scenarios assume climate impacts on all renewaédwurces(recall that the
representation of climate impacts on renewables in G@AdIscussed isubsection
3.3.2). The resultsfocus primarily on mean values across all GCMKEhough the
implicationsfor climate model uncertaintgre discusseat the ed of the Results
Section.Note that the RCP2.6 is the lowest projected warming level among the RCPs
considered within the IPCC AR5 and ISIMIP, and is consistent with a global warming
likely below 2°C above prendustrial temperaturgdPCC 2014) The RGP2.6 allows
climate impacts on renewables being studied in a context of strong climate change
mitigation with substantial upscaling of renewable energy. On the other hand, the
RCP6.0 represents a high emissions pathil@C 2014)

Along the technologyvailability dimension, three variatioase exploredThe
Baseline and FullTech scenarios assume that the full suite of power sector technologies
represented by GCAM is available globally. However, the FullTech scenario includes
CCS technologies that apaly deployed in the context of decarbonization. Nb€CS
& NoNewNucscenario assumes no deployment of CCS technologies globally, and no

new deployment of nuclear technologies in LAC. N®&CCS & NoNewNucscenario
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represents a high renewable scenanwhich is important within the context of LAC
where future mitigation strategies are expected to rely heavily on renewables. These
scenarios are consistent with many prior mitigation sty@iested et al. 2020; Clarke

et al. 2014; Santos Da Silva et al. 2019)

3.5 Results

3.5.1 Implications for electricity generation patterns

Consistent with priotiterature onLAC decarbonizatiorscenariogBinsted et
al. 2020; Calderodn et al. 2016; Kolstral. 2016; Lucena et al. 2016; Santos Da Silva
et al. 2019; van der Zwaan et al. 2Q16)e mitigation RCP26 scenariosentail a
significantly larger use of lowarbon energy sources and increased electrification of
enduse sectors compared waBaselineenergy technology pathwdligure3.3).The
RCP26_FullTechfamily of scenariosrepresentsa diversearray of low-carbon
technologies with hoenergy and natural gas plants equipped with @i@§ng central
roles in mitigation by supplanting the role obsksitfuel based power generation,
particularly, of natural gasthrough 200 (Figures 3.3 and B.13). Under the
RCP26_NoCCS & NoNewNuscenarig, emissions reductions the power sectare
achieved largely through the addition of solar and vpileahts(Figures 3.3 an@.14).
As noted below, each energy technology pathway offers distinct technological

alternativedor adaptatiorio climate impacts on RE.
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RCP26_FullTech: RCP26_NoCCS & NoNewNuc:

No-climate impacts No-climate impacts
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Figure 3.3 Electricity generatio by technology in th&@CP26 FullTech: Naclimate

impacts scenario top left), RCP26 NoCCS & NoNewNucNo-climate impacts
scenario(top righ), andRCP60_Baseli@ No-climate impactsscenario (bottom left)
in LAC.

Figure 3.4 provides an overview of the mean differences in electricity
generation for the six climaiepact scenarios relative to the referet@Climate
impactscases. A comparison between tBembined impas and theHydropower
scenarios highlights the possibility an incomplete understanding of the implications
of climate change on the power sector without an integrated framework that accounts
for impacts on all renewables. Such an issue is apparentshsubregions for two
reasons. First, some LAC subregions (particularly Brazil, S. Am. N. and S. Am. S)
show nontrivial responses induced by the climatpacted wind suppbkgurves this is
better illustrated inFigures 3.5 and 3.6 belgwSecond, some LAC subregions

(Argentina, C. Am/Car. and Mexicare characterized by lower preseliaty and

projected contributions of hydropower production compared to otkeysré 3.2.
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Hence, their national RE portfolios become more sensitive to climgiacts on the
northydropower renewable$n fact, hydropowers projected to play a less relevant
rolein total power generatioscrosshe entirdLAC region(Figures 3.2and3.3). Even

in Brazil where climate impacts on hydropower largely govern p@&ior responses,
important differences concerning wibdsed generation exist. Conversely, Colombia
and Uruguay are noteworthy cases in which climate impacts on hydrofrgely
dominate lhe effects on the power system
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Figure 3.4 Model mean differencein electricity production by technology in LAC
assuming climate change impacts on renewalileerences are calculated by
technology using cumulative generation (Teravatirsi TWh) during the 2020

2100 period and are relative to the correspondilegClimate impactsscenarios.
GCAM LAC regions coveredBrazil, Central America and the Carilare (C.
Am/Car.), Mexico, South America_Northern (S. Am. (N)), South America_Southern
(S. Am. (S)), Argentina, Colombia and Uruguay. Note the different y axis scales.
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Focusing on thdRCP26 Combined impactcenarios (columns 5 and 6 in
Figure 3.4), the magtudesof changes iwind and solar generation tend to be larger
in the NoCCS & NoNewNuaelative to theFullTech sincethe former is far more
reliant on renewables thathe latter (Figure 3.3). Neverthelesthe directions of
changes in wind generatiom the NoCCS & NoNewNuare largely consistent with
the FullTech(except for where this signal is small as noted earlier for Colombia and
Uruguay), while differences in other nemydropower sources are mosiiydirect
effects (i.e., driven by the changeshydropower anavind; seeFigures 3.5 and 3.6
and discussion beloyv The results imply that wherever favorable nontrivial signals
from the climateémpacted wind resource exist (e.g., Brazil, S. Am. N. and S. Am. S.),
wind energy may represent an optimal opportunity to decarbonize the power system,
with potential to also senas a key adaptation strategy to climat&ibutable losses in
hydropower (e.g., S. Am. N.). Conversely, Argentina and C. Am/Car. may need to
increase generation from a mix of alternative sources to compensate for potential
reductions in wind power as thmojected positive climate effects on hydropower
appear insufficient to satisfy demand.

The major driving forces acting on LACSHS
multiple simultaneous climaienpacts (i.e., under theombined impactassumption)
are better understood by examining results feoroillary experiments which assume
climate impacts on each renewable individually (similar to the approach conducted by
Turneret al 2017 for hydropower and biyle et al 2014 for agriculturalyields).
Specifically,simulations where each climatapactinputis incorporatednto GCAM

individually were carried oytandthe implications foelectricitygeneration per source
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consideredvere assessde., if climate impacts on wind were incorpaain GCAM,
changes in wind power generation were examined and so onhcBsporatingthe
physical impacts of climate change on the RE supyity GCAM, concurrent direct

and indirect effects are induced. The former means the direct {system respomes

to the climatampacted RE inputs such as a decline in hydroelectricity production due
to reduced streamflowolumes or an increase in bioenergy production due to improved
crop yields. Thendirect responses deriyeom feedbacks of the direct effects the
power systemMore complex interactions emerge under multiple simultaneous climate
impacts. This is illustrated irfFigures 3.5and 3.6 When climate impacts on individual
renewables are assumad), (magnitudes and signs of the resulting did@nges in
renewable electricity generation vary considerably across LAC with effects on
hydropower and windbased generation outweighing those lmomass and solar
generation When all impacts are jointly accounted for in tBembined impacts
scenarios,bioenergy and solar generation undergo more pronounced variations
responding to the compounding indirect effeface and demand adjustdjiven

mostly by hydropower and wind sourdéesand §.
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Figure 3.5 Mean changes in electricity generation in LASsuming climate change
impacts on renewables. Changes represent the mean value across GCMs, and are

calculated by technology saaio (abelled inc) and RE generating source (labelled in

b) using cumul a

to the correspondinglo-climate impactssimulations (positive values indicate that
scenarios with climate impacts on renewables show higher cumulative genegation).
Assumption of climate impacts on each individual renewable source sepatately.

tive

gene

ration in the

Assumption of climate impacts on all renewabl€®ribined impactscenarios in
Table3.1). c. Differences between outputshranda (hydropower is not plotted since

the temporagvolution of hydroelectricity production per GCAM region is exogenously

predetermined, i.e., fixed; thus differences between sceraaaiodb are zero).
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Figure 3.6 As in Figure 3.5 but showing results for thBaselineand FullTech

scenarios.

Figure3.4also emphasizes implications frahstinct warming levels. A salient

response from thélydropowerscenarios (columns 1, 2 andir8 Figure 3.4) is an
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overall deterioration ohydroelectricity production under the RCP6.0. All regions,
except for Colombia, experience enhanced reductions in cumulative generation, shifts
from generation gains toward losses or less pronounced positive impacts compared to
the RCP26 Hydropowescenarios. C. Am/Car., Mexico, S. Am. (N) and Argentina
emerge agparticularly prone to negative impacts on hydropower as the severity of
climate change increases. In these regions, a potential adaptation strategy assessed by
GCAM might be to increase fossil fuel based generation (particularly natural gas),
which can eacerbate the initial climate change signal via increments in fossil fuel
emissions. A comparison between theRCP60 Baseline: Hydropowerand
RCP60_Baseline: Combined impadsenarios (columns &and 4 in Figure3.4)
reinforces the importance afetailed cosiderations of miltiple impacts, which is
particularly prominent in C. Am/Car., Mexico and ArgentiAgain, the combination

of impacts on hydropower and wind are the leading drivers afdimpoundingffects

on electricity generation, however the direct effects on electricity generation changes
induced by the RCP6.0 wind supply curves tend to be less pronounced than those
induced by the RCP2d@urves Figures3.5 3.6). This is particularly true for Bzil, S.

Am. (N) and S. Am. (S). As a result, these regions experience less pronounced gains in
wind-based generation under tR€P60_Baseline: Combined impacotative to the
RCP26_FullTech: Combined impaatase. It is important to note that these didti
outcomes must not be entirely attributed to the climate change signal due to the role of
the energy technology pathway by itself. Specifically, underR#60_Baseline
scenario, the effects produced by the wsa@ply curves (shown ithe AppendixB i

FiguresB.1 B.12) on wind power generation originateom the lower ends of the
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curves as wind power needs are not so prominent in this scenario. Conversely, energy
technology pathways like tHeullTechand,in particular, te NoCCS & NoNewNuc
rely consierably more on wind power to fulfill climate goals, thus suffering stronger
influence from upper portions of the supply curves, in which differences among
climateimpacted curves are more pronounced.

In all climateimpact scenarios, much of the differenireslectricity generation
tend to be more pronounced throughout the 20810 period AppendixB - Figures
B. 1 B.®?). Given the unique implications each subregion may face due to climate
impacts on renewables, these reslllistratehow distinct accouimg of these impacts
in IAMs may affect decisiomaking. For example, under trHRCP60_ Baseline
scenarios, Argentina is projected to experience a pattern of temporally increasing losses
in hydroelectricity productionXppendixB 1 left panels ofigureB.20), which would
require continuously improving adaptation plans. In this regards, modeling impacts
only on hydropower implies that increased wind power generation would be among the
portfolio of costeffective adaptation options in Argentina. (Gme other hand,
accounting for impacts in all renewables means that hydropower losses might be
progressively exacerbated by losses in wind power generation, requiring a change in

the course of powesector adaptation plans in the country.

3.5.2 Implications for powersector capitalnvestments

Powersector capital investments depend on how much generating capacity is
installed or retired over time per technology and the marginal costs of building capacity
from eachtechnology (Methods Subsection3.3.3. Hence the climateinduced

alterations in electricity production patterns discussed so far would have implications
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for regional capital investment needs through changes in generating capacity. Under
the Combined impactscenariosthis analysis signals imeased needs for capital
investments in most LAC subregions until 2100, particularly in NeCCS &

NoNewNucscanario (Figure 3.Y.
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Figure 3.7 Model mean changes in total capital investment requirements in LAC by
scenario under distincassumptions on climate change impacts on renewables.
Absolute differences computed under tB®mbinedimpacts scenarios §) and
Hydropower scenarios lf). Changes are calculated using cumulative capital costs
(United States dollair USD) in the 2020 2100 period and are relative to thio-
Climate impactsscenarios (i.e., positive values mean that scenarios with climate
impacts on renewables show increased costs). Full range of estimated costd8USD
to +54 billion.

On average, cumulative totaapital investment needs in LAC over the
2020 2100 period increase by approximately USD 1™ billion compared to thdo-

Climate impactscenariogTable 3.2).Putting these results into contettig highest
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figure i s compar abl eactumuldied liztiveen 200Aard201he nt s |
(of about USD 119 billion), whereas the lowest estimates compare with investments in

2014 or 2015, on the order of USD 1% billion (IRENA 2016) Although these

additional investments seem small, they could imply significant challenges for the
developing economies in LAC, where resources for public investments are scarcer, and

private financing cost&losely linked to perceptions of the qualitfyistitutions and

associated investment risklRENA 2016; lyer et al. 2015p)re generally higher

comparedo the developed world. Among individual subregions, S. Am. (S) stands out

with the highest additional investments (of about USB47billion) in theRCP26

cases. In contrast, investments decrease by tI&Dto -5.6 billion in Argentina,

Mexico (in theBaselineandFullTechtechnology cases), and Uruguay.
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Table 3.2 Regionally aggregated changes in total capital investments in the LAC
electric power sector under the Combined impacts scen&f@nges represent the

mean valug(absolute and percentggaaoss GCMs(the standard deviation of the
absolute model mean change is also shown), @dulated using cumulative
investmers i n the 2020 b 2100 per-Clmateimp@dsanges
scenarig (i.e., positive values mean that scenaril @limate impacts on renewables
showincreasedaosts).

RCP60_Baseline RCP26 FullTech RCP26_NoCCS &
- - NoNewNuc
Region 2100 2100 2100

Mean | Mean Std. Mean | Mean Std. Mean | Mean Std.

($Bill.) (%) | ($BIll.) | ($BiIll.) (%) | ($BiIll.) | ($Bill) (%) | ($BIll)
Brazil 3.72 0.42 | 15.54 | 5.32 0.30 | 17.84 | 10.76 | 0.48 | 58.74
Central America and
Caribbean
(C. Am/Car.) 3.75 0.52 2.50 3.93 0.33 | 11.83 | 23.65 | 1.51 | 45.97
Mexico -0.81 | -0.11 3.71 -352 | -0.25 | 16.94 3.28 0.21 17.71
South
America_Northern
(S. Am. (N)) 8.71 2.59 | 22.98 7.07 1.22 | 1354 | 14.09 | 1.99 17.55
South
America_Southern
(S. Am. (S)) 0.37 0.07 412 6.94 0.88 2.51 54.37 | 6.11 9.92
Argentina -3.65 | -1.22 1.78 -3.45 | -0.53 1.24 5,55 | -0.54 0.66
Colombia 0.48 0.19 1.49 1.28 0.25 1.61 15.13 | 2.05 5.87
Uruguay -0.20 | -0.34 0.47 -0.75 | -0.85 | 0.71 -1.45 | -1.35 0.48
LAC 12.38 | 0.33 | 4691 | 16.82 | 0.24 | 37.49 | 114.30| 1.28 | 129.76

A breakdown of these total differences by generating source highlights the role
of hydropower and wind in altering the rpetlance of capital investments across LAC
(Figure3.8). The regional differences in investments largely reflect the changes to the
electricity technology mix showm Figure 3.4 Under theRCP26Combined impacts
scenarios, investments in hydropower and wiaded generating capacity increase in
LAC until the endof-century (greatly influenced by the largest magnitudes of changes
in Brazil and S. Am. (S)), while solamnd CCSbased generating capacity lose
invesiments. Nevertheless, important regional variations exist as subregions such as C.
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Am/Car. and Colombia need to bring solar capacity on line. iRDEB60_Baseline:

Combined impactscenario, the net regional investment in hydropower decreases due
to the pojected negative climate effects on hydropower in many subregions. In this
case, the regional increase in total investments is influenced by a net growth in

investments in solar energy.
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Fig. 3.8 Model mean differences in capital investments by tedgywlin LAC
assuming climate change impacts on renewalilefferences are calculated by
technology using cumulative investments (USD) in the 202@100 period.
Differences are relative to tiNo-Climate impactscenariogi.e., positive values mean

that £enarios with climate impacts show increased costs). The red squares indicate the
net of the positive and negative changes for a given scenario (and are equal to the total
investment changes plotted in Figure 3.7). Note the different y axis scales.

Figures 3.7 and 3.8 also illustrate marked differences in capital investments

when only climate impacts on hydropower are accounted for. In many regions, such

differences translate into underestimated investment needs, which are more
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pronounced in th&CP26_N&CS & NoNewNucacase and in Brazil and S. Am. (S.).
In these regions, cumulative 202Q00 capital investment differences in the
RCP26_NoCCS & NoNewNud-Hydropowerscenario are approximately USD 60
billion lower than in theRCP26_NoCCS & NoNewNudCombinedimpactscase.
Exceptions are Argentina, where reductions in total capital investments RCIP26
Combined impactscenarios are considerably larger than inHiidropowerscenarios
due to lower wind capacity requirements, and Colombia and Uruguay, tdtale
investment requirements are consistent in bRMP26 climateimpact scenarios
because climate impacts on Aleydropower renewables do not play importantsole
(recall Figure3.4). Under theRCP60_Baselinecenariosthere are also examples in
which theHydropowercase do not show lower investment requirements relative to the
Combined impacts caseMexico and Argentina. However, investment estimates in
these subregions under the distinct cliriatpact modeling appaches differ
markedly.

Although it could be expecteithat theRCP60_Baseline: Combined impacts
scenariowould yieldconsiderably larger needs of capital investments in face of more
severe climate impacti,is foundthat investment changes undee RCP60_Baseline:
Combined impactscenario are predominantly lower than or close to thodben
RCP26_FullTech: Combined impadase (Figur&.8 and Table3.2). Onekey aspect
is the overall loweliance of thdaselingpathwayson RE as pointed out earliésnder
theRCP60_Baselinscenariosno cost penalties are imposed for emitting fossil fuels,
meaning that it is economically attractive to compensate part of renelbadsd

generation losses by fossil fuels without C&@ically less capitaintensivethan low
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carbon options. This dynamic is more evident in Argentina and Mexico. These results
then emphasize the role of the energy technology strategy in shaping the overall power

sector vulnerability to climate impacts on RE.

It is important torecognize that the investment implications estimated in this
analysis are inherently uncertain due to a wide range of outcomes from individual
GCM-derivedimpacts Figures3.9 3.10). This wide range relates to the substantial
uncertainties in GCM projections of variables such as precipitation, winds and
shortwave solar radiation used to force the impact models employed herein. For this
reason, uncertainties are high for all technolamgses although th&loCCS &
NoNewNuc exhibits, for most subregions, the greatest magnitudes of standard
deviations associated with the more pronounced mean impacts stehrio (Table
3.2). Overall mean impacts estimated for Brazil, C. Am/Car., Mexind S. Am. (N.)

are associated with the largest spread of model outcdfigesé€s 3.93.10).
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Figure 3.9. Differencesin total capitalinvestments in LAC per technology scenario

and GCMassuming climate change impacts on all renewaBleanges are calaied

using cumul ative capit a@b0 (tophand2s0t2mMe nE s2 1iON0 t |
(bottom) periocs. Changes are relative to thdo-climate impactssimulatiors (i.e.,

positive values mean that scenarios with climate impacts on renewables show
incremental costs\lGCAM LAC regions coverd Brazil (Bra), Central Amerga and

the Caribbean (Cac Mexico (Mex), Saith America_Northern (San Sauth
America_Southern (SasArgentina(Arg), Colombia(Col) and UruguayUru).
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Figure 3.1Q As in Figure3.9but comparingheRCP26 FullTech Combined impacts
and theRCPR60 Baseline Combined impactscenarios. To improve visibilitythe y
axis scales do not match those presd inFigure3.9.

Although the ensemble of threelimate runsis insufficient tocover the full
range of uncertaintieacrossGCMs, it provides initialestimates of overall bounds of
economic impacts each region might experiencgortantly, larger confidences
found on investment projections for S. Am. (S), Argentina, Colombia and Uruguay,
particularly under th&RCP26cases, reflected in lower standard deviations (relative to

their means) than in other subregions (T&®¢ andagreement on the direction of the

investment impact Higures 3.93.10. Future researchshould employa larger
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ensemble of modeldo improve overall confidence on the projected changes.
Nonetheless, even employing considerabigdé ensembleshan the oe used here,

prior studieqCarvajal et al. 2017; Turner et al. 20hi&ve highlighted the significant
decisionmaking challenge arising fromlarge spread ahdividual modeloutcomes

To improve he resilience of energy systems in light of the large uncertainty in future
climate projections, t h encertaintgnmmaeagemeitg u me nt s
methods(Hallegatte 2009)ike adaptation strategies that are valid under alternative

future outcomes, diversify generation sources and corsitere decentralizesimalt

scaleenergy structuréEbinger; Vergara 2011; Hallegatte 2009; Kundzewicz et al.

2018; Miara etl. 2019)

3.6 Discussbn and conclusions

The findings ofthis study underscore the value of a comprehensive analysis of
the implications of climate impacts on RE in IAMs so that their aggregate effect on the
energy sector can be better understood. This is important becausgoreslin total
power generation due to climate impacts on one RE source may be alleviated or offset
by positive impacts on other sources, or simultaneous negative effects in distinct
renewables can amplify total generation los€&SAM resultshighlight regionally
differentiated impacts acros®\C power grids due to a combination of vulnerabilities
specific to eaclgeneration mix and large spatial variability of climate changeacts
across LAC. Te first componenis exploredthrough distinct technology pathways,
showing thatthe generation portfolio plays an important role in alleviating or
exacerbatingncreasingpressure on capital investments due to clirasdiiebutable

effects on renewables. Since each energy technoldgyawn affects the availability
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of technology replacement options (each of them characterized by specific costs of
installing generating capacity), implications for total capital investments differ
markedly.

The key overarching insightrom all scenarioexplored hereins the risk of
misrepresentation of climate change effects on the electric power sector if climate
impacts on all renewables are not accounted for. This is particularly evident for the
energy pathway with the most pronounced intermittenéweables deployment (i.e.,
theNoCCS & NoNewNuy, characterized by greatly underestimateglital investment
requirementacrossnost of the LAC regiowhen climate impacts only on hydropower
are consideredSuch an underestimation may result in enhanpedersector
vulnerabilities to climate change

Given the framework of high deployment of intermittent renewables explored
through the mitigation scenarios, accounting for climate impacts on wind in certain
LAC subregions was shown to be as relevantasunting for impacts on hydropower
in terms of implications for electricity productiofihe results also highlighted an
overlooked angle related to the fact that climate impacts on wind atGhedtming
level can positively affect power production inteén LAC subregions (Brazil, S. Am.

(N) and S. Am. (S)). This emerges as a strategic opportunity for decarbonization and
diversification of regional power mixesHowever, the high upfront capital
expenditures of wind technologies (and of renewables iergBrrepresent a critical
financial barrieto RE deploymentparticularly indeveloping economigsequiring

specific policies to create favorable financing conditigR€C 2012; IRENA 2016)
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The growing tr e rsecwrcapital invesithéns neigpnemise r
reported under multiple RE impacts and technology configurations suggest challenges
for the planning of lowcarboncapacity additions. On the one hand, a mitigation
pathway based on a diversified mix of generating technologies with sizable
contributions from fossifueled plants with CCS, as illustrated by B€P26_FullTech
scenario, reduces the exposure of the power system to climate impacts on renewables,
and may alleviate (or avoid) the necessity of raising investments. However, CCS
technologes are not mature, nor have they been widely deployed commercially yet. On
the other hand, decarboni zing LsaGitve power
solar and wind technologies may increase risks of higher capital investment
requirements, as shovim Table3.2 for most LAC regions under tiRCP26_NoCCS
& NoNewNuc: Combined impactscenario. These larger increases relate tdother
capacity factorsof intermittent renewablesompared withfossil fuels with CCS
technologies deployed IRCP26_FullTechCombined impactscenario.This means
that intermittent renewables require more generating capacity per unit of electricity
produced compared wittossitfuel technologiesvith CCS(The Subsection 3.3.3 in
Methodsshows how capacity factors are used to compute capital investmehis in
study). Although the value of diversifying the energy portfolio has been recognized as
a mean to achieve climate resilient posgstemgEbinger; Vergara 2011ix is crucial
that energy planners identify strategies that do not jeopardize climate goals. In this
regards, amixture d renewable andnonrenewableenergy sourcesalbeit less
vulnerable to climate impacts on renewables, can dampen mitigation efforts unless

CCS technologies become technically viable and -costpetitive and/or
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comprehensive emissions reductions actiomsimuplemented. Regarding the latter,
one alternative might be to focus more heavily on reducing emissions from land and
agricultural systems and on enhancing terrestrial sinks for carbon in future decades.
This is particularly relevant in LAC where landlated GHG emissions make up a
significant share of total emissio(tSalvin et al. 2016)

This analysisis the first to assess the potential implications of climate change
impacts on the RE supply for power sector investsan LAC, althoughthe
methodologycan beusedto conduct similar analyses fother regionscross the globe
Future studies could also benefit from considering the implications of multiple
uncertain factors. One critical aspect noted earlier is the uncertainty originating from
the GCMs variables. In addition, hydrological and agricultural yields change
assumptns are derived from one impact model each (Methods), however, the structure
and parameterization of impacts models are known to be a significant source of
uncertainty that can rival that of climate mod@esenzweig et al. 2014; nd/liet et
al. 2016b) Another point to note is th#teresults are focused on aggregated country
and regional levels. However, climate change may have distinct and more pronounced
effects on smaller subational scales. One example is hydropower as climate impacts
on runoff patterns are expected to be manifested differently depending on the river
basins and subasins considerd@Ruffato-Ferreira et al. 2017Hence, further research
is needed to develop a finersolution multimpact integrated framework that supports
decisionmaking at suinational scales. For exampkhanet al 2020contribute to fill
sudh a gap by coupling GCAM and a suiterabdeling tools to downscaleCAM

projections (part of them including climate impacts on hydropower and agricultural

95



crop yields) onto a gridThis framework was used for a mesgectorassessment of
planned policiesin Uruguay at a sukbasin scale. Given the possibility of
misrepresentation of climate change effects on the power sector highlightieel in
results, future highesolution integrated assessments can benefit from a more
comprehensive representation of adie change impacts like the one introduicethis
study:.

An important caveat of this analysis is that the version of GCAM used in this
study represents electricity supply and demand on an annual mean basis assuming, for
example, fixed exogenoushdefined capacity factors foreach power generation
technology. Ths, the variability of electricity demand and load at seasonal and daily
temporal scales is not considered, which has important implications for decisions on
generation infrastructure. The challenge of continuously balancing supply and demand
at such finertemporal scales becomes even more complex as the deployment of
intermittentsolar and windbased generation witlmited dispatchabilityincreases.
Consequentlythis analysis likely underestimates rates of capacity additions through
2100 because the annual average supply and demand electricity representation of
GCAM smooths out shoterm events of peak demand that require the highest
electricity outputs. In light othis, the estimates of generation capacity and capital
investments should be interpreted as a-firsier approximation of the magnitudes of
future needs that can be refined by follow studies. In this regardidre are ongoing
effortsinvolving GCAM andother IAM groupgo improve sukannual details in power
sector representation in IAM@ietzcker et al. 2017; Wise et al. 201&nother

consequence of its annual average electricity representation alongside simplifications
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of important processessi that GCAM cannot represent climate impacts at short
timescalege.g., seasonal scales). These characteragosimposehallenges for the
representation of changes in climate variability and sieomh extreme events within
IAM frameworks. Hencethis study focuses on implications due to letegm (multt
decadal) mean climatological changes. Futimeestigationis neededto enhance
GCAM modeling capabilities towards finer temporal scales and more detailed
representations of power system dynamiitwithstanding the limitations above, this
study constitutes an additional step toward a more holistic integrated assedgh®nt o

potential effects of climate change on the energy sector.
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ChaptTehre 4:0l e of uncertain renew:
in solar and wind electricity prc¢
GCAM integrated(8astetesmdanmSimbdel

prep

4.1 Abstract

Integrated Assessment Models (IAMs) are laalyticaltools used to project the
potential future evolution of the power sector globally, including wind and solar power.
To do so, IAMs rely on resource cestpply curves, which are deed from global
assessments of renewable energy potentials. However, estimates of global energy
potentials are characterized by large uncertainties stemming from methodological
assumptions. Based on a review of parameter values used in prior renewatilalpote
estimationsthis study addresseshe implications of these uncertain assumptions for
solar and wind electricity projections from a global IAM for the first tithés found

that this parametric uncertainty results in substantial variations immittient
generation projections, with a prominent role of assumptions related tadaridboth
technologies and average turbine installation density for wind onshore. Consequently,
the role of these renewables in modeled {®rgn scenarios can be under
overestimated relative to other technologi€&ame potential implicationsare
highlighted for decisioamaking on energy planning, climate change mitigation
strategies and the adaptation efforts to climate impacts on these reneMaisissidy
undersores the need of further coordination among the integrated assessment

modeling community to narrow these uncertainties.
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4.2 Introduction

Integrated assessment models (IAMs), such as the Global Change Analysis
Model (GCAM) (Calvin et al. 2019)have a long tradition of contributions to the
analysis of energgector climate change mitigation pathways. These models have
contibuted, for example, to delineate the important role of renewable energy (RE) in
deep decarbonization pathways that can achieve tR€ aril 1.5C climate targets
(Clarke et al. 2014; IPCC 2012; Rogelj et al. 20¥wever, concerns regarding
future vulnerability ofRE productionto climate change have encouraged more recent
IAM development to focus otihe modeling of climate impacts on RE to better support
energysector decisioimaking.

To represent the physical effects of climate change on RE in IAMs, modelers
have employed projections from detailpdocessbased modelse(g, hydrologic
models, crop mdels, general circulation models (GCMd4) modify key IAM
parameters linked to RE production. Such efforts have focused primarily on impacts
on hydropowe(Arango-Aramburo et al. 2019; Carvajal et al. 2019; Lucena et al. 2018;
Turner et al. 2017and on the agriculture sector (which affect the biomass potential)
(Kyle et al. 2014; Nelson et al. 2014; Ren et al. 2018; Snyadd¢r2219) with virtually
no attention to climate impacts on solar and wind, except for one(®odging 2013)

This panorama is changing. Arecentcoordit ed e f f oren e rtdgye porl oStl peedl
(Yalew et al. 202Q)proposed an assessment of climate impacts on all renewables at
macrcregional to global scales. In the ISIpedia model totamparison, participating

IAMs implemented a protocol of harmonized scenarios based on climate change input

data from thelnter-Sectoral Impact Model InteiComparison Project (ISIMIP)
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(Warszawski et al. 2014Y o allow the representation of climate impactsolar and
wind sources, the ISIpedia project built gridded global estimates of solar and wind
energy potentials based on methods recently publieadhaat et al. 2021)sing this
dataset, partipating modeling groupsere asked to build and implement into models
resource supplg o st curves (hereafter referred
with the goal of estimating climate change effects on the energy sector. It is worth
mentioning tha supply curves are essential assumptions within the economic
framework of IAMs because they map renewable resource availability at a given
energy production casf\s discussed in ChaptertBese curves affediecisionmaking
on powersector technologiethat aredeployed in GCAM

While the method adopted by the ISIpedia progxistitutesa clear advance
toward the modeling of climate impacts on solar and wind sources in IAMs, its
computation of renewable potentials is based on a fixed pool of assusapfiuis
means that the uncertainty created by the various assumptions on key parameters used
in the computation of renewable potentials remains unaccounted fenuiRe
potential estimateare hindered by various uncertain assumptions that include, for
example, the role of landise, which substantially affecthie computed energy
potentias. This researcltalculate global solar and wind technical potentials with the
main goal of investigating the impact of their associated parametric uncertainties on
sola and windelectricity projectionsfrom GCAM, a stateof-the art global 1AM
linking energy, land, water, climate and economic systeitithough some prior
studieqgde Vries et al. 2007; Hoogwijk 2004; Rinne et al. 2018; Zhou et al. 2@1/2)

examined the effect of assumptioms specific parameters when computisglar or
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wind potentials,no past study has investigated their consequent implicafams
electricity generation projections from an IAM&iven the role of IAM scenarios in
major climate assessments (e.g., the Intergovernmeatal Pn Climate Change
( I P CHEffh@Assessment Reprit is critically important that the impact of these
uncertainties be understotat the construction of credible scenarios

The analysis is dividethto three mairsections. First, a literature review is
conducted to define a set of O6baselined or
cases (i.e., deviations from the central assumptions) for the computation of onshore
wind and solar PV technicadotentials. Fotbwing themethodologyproposed by the
ISIpedia intercomparison, these assumptions are then used to calculate historical
(defined here as the 192D00 period) and future projections of wiathd solar
technicalpotentials using input data from the ISIMIPGEMs. Finally, supply curves
representative of the historical and future periods are built from the central and
sensitivity technical potential cases for implementation in GCAM to evaluate
implications for wind and solar deployments.

It is important tostress that a formal sensitivity analy@aot conductetiere,
but rather dirst-orderassessment that aims at contributingmiprovements on the
representation of solar and wind power in IAMs, andh® emerging efforts on the
modeling of climate impds onthesesources inthese modelsin which the role of
parametric uncertainties in renewaplatentialsquantification is currently unknown.
However, for the sake ofisusedmnqudghoutthettext, t he t
to refer to the variousases in which distinct assumptions on parameter values are

tested These cases are detailed in the Methods section.
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As stated above, the novelty of this study is the consideration of the effects of
the uncertairestimates ofenewable energy potentiadsmbedded irsupply curves
wind and solar electricity generation projections fr&@AM. In this regard, the
specificresearch questions thabtivatethis study areéWhat are the implication of key
parametric uncertainties in the computation of renewable energy potentials for GCAM
solar and wind electricity production? Which parameters drive the largest changes?
Whatare the potential implications for decisionaking on climate change mitigation

and impacts?

4.3 Background on renewable energy potentials

A number of studies have computed intermittent renewaidegy potential
using a common approach that assessessthmalled heoretical geographical
technicalandeconomic potential(Bosch et al. 2017; Dupont et al. 2020; Eurek et al.
2017; Gernaat et al. 2021; Hoogwijk 2004; Hoogwijk et al. 2004; Kdberle et al. 2015;
Rinne et al. 2018; Zhou et al. 2012)

While the heoretical potentials the upper bound of the natural resource
availability in any areathe geographal potential explicity accounts fodand use
restrictions to identify suitable locations for largecale renewable electricity
generation Such areas typically includew productivity agricultural andt pasture
land, arid terraingrasslandandscrublandswhile forest and other sensitive ecosystem
are deemedinlikely for RE deploymentOther inviable sites includeemote high
elevated terrains, urban development, anehsof poorquality resource. In many
studies thegeayraphtal potential athe grid cell level is determined by (1) applying

exclusion criteria to remove unsuitable grid cells, and (2) assigning suitability factors
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(O b 1 range; G totally unavailable/unsuitable grid cell;ELgrid cell area is 100%
available) 6 the norexcluded grid cells based on a lamsk and cover mafNext,
technical potential is assessed by accounting for factors sulmitions on the
conversion fronprimary to secondary energyd overall lossesue totechnical and/or
operational factors. An example of this constraint is solar energy, in which modern
solar photovoltaic (PV) cells can only convert around 20% of the incoming solar
radiation into electricity (Gernaat et al. 2021)Finally, the production cds of
electricity need to bestimated(based orthe total cost for building and operating
power plants as well adinancing cosd), given that renewablesiust compete for a
portion of regionaknergy markets with other sourc&éhis means that only part of the
technical potential can be casimpetitive depending on production costs, which

definesthe economigotential.

4.4 Methods

4.4.1Experimental Design

Figure 4.1 summarizes theverall approach and workflow implemented to
answer the research questions posed in the Introduction section. Spectheailyork
has
a) built a framework to assess the global wind onshore and solar PV
technical potentials based on methods used im gtimlies;
b) surveyed the literature to define assumptions for the parameter values
(central and sensitivity cases) to be used in the computation of the

renewable potentials;
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c) used the framework built in (a) to compute renewable potentials for the
varying asamptions defined in (b);

d) produced supply curves for all renewable energy potential estimates
(wind onshore and solar PV) produced in (c); and

e) implemented the supply curves produced in (d) into GCAM v5.3 to

conduct simulations for each supply curve assurngtidividually.

é Literature
Review

Parametric assumptions

_:¢:' Theoretical * Geographical _> Technical $ Economical

1
1
1
1 q q q q
1 | == Potential Potential Potential Potential
! - Annual
: ISIMIP2b (wind speed, solar renewable Exclusion layers (altitude, slope, Wind turbine characteristics, GCAM data system (overnight 1
] shortwave radiation, energy flow protected areas, permafrost) and power density, PV cell efficiency, capital costs, O&M costs, fixed :
1 temperature, specific humidity suitability factors performance ratio, land-use factor charge rate) \
:_ and surface pressure) 1
Resource
Q GCAM ﬁ cost-supply
curves
Integrated Assessment Model: energy, 368 simulations One curve by parametric assumption
water, land, socioeconomics and (23 cases X 4 GCMs X 4 scenarios) case and GCM

climate

é GCAM
Output

Solar and wind electricity production

Figure 4.1 Experimental design implementadthis study Note that the red arrows
represent the theoretical upper bound of renewable energy availability (theoretical
potential), which is reduced in each stdhe calculatiorof the potentialsuntil the
technical potential is estimated.

Details on each stepf the methodwill be provided throughout the following
subsections.Note that when describing the equations to compute the technical
potentials in subsections 4.4.4 (wind onshore) and 4.4.5 (solaalPMjrameter values
provided refer to the central assumptida®é¢ledCentralhereafte). The assumptions

for all sensitivity cases will be provided later on in subsection dekdept for the land
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suitability factors, which are listed in subsection 4.Z18e parameter values for the
Central caseare takerexactly adistedin thereferences that provide the eqoas to
compute the technical potentials. Hence, they are not necessarily thengéevalues
across the literature, but rather a benchmark for comparisons with all sensitivity cases
analyzedTables 4.14.2 showthat the resource estimates computed utideCentral

case are within the range of results obtained by prior global studies. But above all, these
tables highlight the role of methodological aspects in producing uncertainty in resource
estimates as shown by the wide range of redutite that thesolar PV technology that

this study focuses on refdp utility-scale systems, i.e., largealepower plantswhich

are modeled separatelgom the smaller distributerooftop PV systems iGCAM.

Next, themethodologyemployed in this studis presenteth detail
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Table 4.1 Comparisonof results of this tsidy with otheranalyses(global wind

onshore)
Reference Data Source Spatial Period Technical
Resolution Potential
(PWhly)
Boschetal. 2017 NASAO®6s Mader n 1 km 19792013 587 (eXCIUd'.nﬁ
Retrospective analysis for areas wit
L capacity factors <
Research and Applications, 15%)
version 2 (MERRA2) and
the DTU Global Wind Atlas
Deng et al2015 Climate Research Unit 1km 2010 r-ar
(CL2.0) Database
(0]
Eurek etal. 2017| NCAROs Edur mat 04 19852005 557
Dimensional Data
Assimilation
Hoogwicket al. Climate Research Unit 0.5 19601990 96
2004 Database
: 2/3° longitude x| 2006 (a) 1100; (b)690
Luetal. 2009 gosigiringiﬁgtgsi?niﬁg;gg 1/2° latitude (excluding areas
System (GEOS DAS) (~66.7 x 50km with capacity
y at midlatitudes) factors< 20%9
Zhou et al. 2012 | Climate Forecast System 03125 19802009 giglo%/vzo (at cos;s
Reanalysis/INCEP cents’kWh)  (b)
~330¢ (no cost
cutoff)
This study ISIMIP2b GCMs 0.8 19712000 441rass
Notes:

aDepend on the landavailability scenario (low, medium, and high casds)is study also makes estimates
2030 and 2070 (based on the assumption of improvemssthnological parameters) not reported here.

bInferred from Fig. 2 from Zhoet al. 2012.
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Table 42 Comparisorof results of this study with other analysgkbalsolar PV).

Category Data Source Spatial Period Technical
Resolution Potential
(PWhly)
Deng et al2015 | NASA Langley Research | 1 km 2010 25223
Center Surface
Meteorological and Solar
Energy dataset (SSE)
Dupont et al. World Bank Group ESMAP. | 0-1° Not explicitly | 1194
2020 Global Solar Atla stated
Hoogwick 2004 | Climate Research Unit 0.9 19661990 366
Database
Koberle et al NASA Langley Research | 0.5 19832005 101
2015 Center Surface
Meteorological and Solar
Energydataset (SSE
Release 6.0)
Korfiati et al NASA Langley Research | 1 km Not explicitly | 613
2016 Center Surface stated
Meteorological and Solar
Energydataset (SSE
Release 6.0)
This study ISIMIP2b GCMs 0.3 19712000 205-208
Notes:
aDepend on the landavailability scenario (low, medium, and high cased)is study also makes estimat
for 2030 and 2070 (based on the assumption of improvement in technological parameters) not repol

4.42 Datasets

Tables 4.3-4.4 describe the climate input data (which providethe
spatiotemporadistribution ofthe theoretical potential) and datasets utilized for the

assessment of the geographical potential, respectively.
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Table 4.3 Overviewof the climate model data used in the analysis

Climate model data

Bias-correctedprojections from ISIMIP 2lgFrieler et al. 2017

GCMs

GFDL-ESM2M,
MIROC5

HadGEMZES,

IPSLCM5A-LR, and

Climate scenarios

RCP2.6 and RCP8.5

Climate data spatial resolution

0.5°x 0.5°

Climate variables utilized
(short name | units)

Surface pressuré§| Pa)

Nearsurface specific humidityHUSS| kgkd 1)

Surfacedownwelling shortwave radiatioRSDS| Wm ?)
Nearsurface wind speedSFCWIND | ms?)
Nearsurface aitemperatureTAS | K)

Data availability

Publicly available at:

https://esepik-postdam.de/search/isimip

Table 4.4 Datasetsised for the assessment of the geographical potential

Category

Dataset and reference

Dataset resolution

Elevation

EarthEnv(Amatulli et al. 2018)

25 areminute (~50 km)

Land usdand cover

GlobCover 2009Bontemps et
al. 2011)

30 areseconds (~1km)

Permafrost

Global Pemafrost Zonation
Index Map(Gruber 2012)

30 areseconds (~1km)

Protected areas

World Database on rBtected
Areas (WDPA) (UNEP-
WCMC 2019)

Variable: geodatabas
comprising two classes
spatial data: polygons (distin
sizes) delineating boundari
and data points (point locatio
and an area)

Slope

EarthEnv (Amatulliet al. 2018)

25 areminute (~50 km)

Notes:

aAll geospatial fields were regridded onto a commor? 0y5 0.8 grid in order to match therid
spatialresolution of the input climate data
bDataset was converted to a raster (rows and columeellsf with 0.5 x 0.5 spatial resolution.

4.43 Geographical Potential

Using the datasets listed Trable 44 andthe exclusion criteria summarized

Table 4.5, terraindeemed unsuitable for a given technology is excluded. Next, the

remaining grid cd$ receive suitabilityfactors Tables4.6-4.7) based on their land

cover types. This approach is formalized in EqQ. (1), in which the geographical potential

represents the suitable area availdole RE production(6) within any grid cell'Q
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(Hoogwijk 2004) Figures4.2-4.3 showthe suitability maps by technology resulting

from thegeographical constraingpplied

"Qow

D

where® is the grid cell area (KR and Qis the suitability factor in cel

Table 4.5 Summaryof geographic exclusion criter{hased on the references listed).

areas with elevatior
greater than 2500 m.

Category Criteria: onshore Criteria: solar PV Criteria: solar CSP?
wind
(Deng et al 2015; (Deng et al 2015;
(Eurek et al. 2017) Gernaat et al. 202) Gernaat et al. 202)
Elevation 100% exclusion foll No constrainapplied | No constraingpplied

protected areas witl
International Union for
the Conservation 0
Nature (IUCN)
rankings codes of:

(Strict Nature Reservi
and Wilderness area);
(National Park), and 11|
(Natural Monument ol
feature).

Land use/land | 100% and partia] 100% and partia)l 100% and  partia
cover exclusions basedon | exclusions based o| exclusions based o0

suitability factors| suitability factors| suitability factors
(Table 4.6. (Table 47). (Table 47).

Permafrost | 100% exclusion foil No constrainepplied | No constrainapplied
areas classified a
permafrost.

Protected areis| 100% exclusion fof 100% exclusion for 100% exclusion for|

protected areas wit
International Union fo
the Conservation 0
Nature (IUCN)
rankings codes of:
(Strict Nature Reserv
and Wilderness area);
(National Park), and I
(Natural Monument o
feature).

protected areas wit
International Union for
the Conservation 0
Nature (IUCN)
rankings codes of:
(Strict Nature Reserv
and Wilderness area);
(National Park), and I
(Natural Monument o
feature).

Slope 100% exclusion for 100% exclusion for 100% exclusion for
areas wih average| areas with average| areas with average
slope greater than 209 slope greater than 27% slope greater than 4%.

Notes:

aAssumptions fothesolar CSP technology will be discussed in subsection 4.4.9.
b All technologies are assumed to follow the same exclusion criteria as in Eurek et al 201
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Table 4.6 Suitability factorsby sensitivity caséwind onshorgapplied to théand
cover maycategories

Suitability factors bysensitivity case
Land cover category (GlobCover dataset)

Centrab S _low S_low I S_high

Postflooding or irrigated croplands (or aquatic) 0 0 0 0
Rainfed croplands 70% 60% 3% 100%
Mosaic croplang50-70%) / vegetation o o 0 o
(grassland/shrubland/forest) (280%) 70% 60% 3% 100%
('\;/rlg;aa (\j/(?gggzz; (grassland/shrubland/forest) {B0%) / 70% 60% 3% 100%

0 .
Cloged to open (>15%) broadleaved evergreen or-semi 10% 0 0.5% 0
deciduous forest (>5m)
Closed (>40%) broadleaved deciduous forest (>5m) 10% 0 0.5% 0
Open (1540%) broadleaved deciduous forest/woodland (>5m  10% 0 0.5% 0
Closed (>40%) needleleaved evergreen forest (>5m) 10% 0 0.5% 0

0 .

8{;?:) (1540%) needleleavedeciduous or evergreen forest 10% 0 0.5% 0

0 .
Closed to open (>15%) mixed broadleaved and needleleavec 10% 0 0.5% 0
forest (>5m)
Mosaic forest or shrubland (500%) / grassland (250%) 50% 10% 3% 100%
Mosaic grassland (500%) / forest or shrubland (280%) 65% 10% 3% 100%

0,
Closeq to open (>15%) (broadleaved or needleleaved, everg 50% 20% 3% 100%
or deciduous) shrubland (<5m)

0 .
Closed to open (>15%) herbaceous vegetation (grassland, 80% 20% 3% 100%
savannas olichens/mosses)
Sparse (<15%) vegetation (woody vegetation, shrubs, grassli  90% 20% 3% 100%
Bare areas 90% 10% 3% 100%
Urban areas, water bodies, permanent snow and ice 0 0 0 0

aThe complete list of sensitivity cases analyzed in this study is provided in subsectiofitsdtable provides
the specific values for th€entraland sensitivity cases concerning only suitability factors.

Suitability factors based oAEurek et al2017,¢ Zhou et al2012 (low case) Deng et al2015(low case) and
e Lu et al 2009.
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Table 4.7 Suitability factorsby sensitivity casésolar PV)applied to théand cover
mapcategories

Suitability factors bysensitivity case
Land cover category (GlobCover dataset)

Centrab S_low S low_If S_high

Postflooding or irrigated croplands (or aquatic) 0 0 0 0
Rainfed croplands 1% 0.1% 0.5% 10%
Mosaic cropland (5F0%) / vegetation o 0 o 0
(grassland/shrubland/forest) (280%) 1% 0.1% 0.5% 5%
Mosaic vegetation (grassland/shrubland/forest) {60%) / 1% 0.1% 0.5% 5%
cropland (2650%)
Closed to open (>15%) broadleaved evergreen or-semi
) 0 0 0 0

deciduous forest (>5m)
Closed (>40%) broadleaved deciduous forest (>5m) 0 0 0 0
Open (1540%) broadleaved deciduous forest/woodland (>5m 0 0 0 0
Closed (>40%) needleleaved evergreen forest (>5m) 0 0 0 0
Open (1540%) needleleaved deciduous or evergreen forest

0 0 0 0
(>5m)
Closed to open (>15%) mixed broadleaved and needleleavec

0 0 0 0
forest (>5m)
Mosaic forest or shrubland (500%) / grassland (250%) 1% 0.5% 1% 5%
Mosaic grassland (500%) / forest or shrubland (280%) 1% 0.5% 1% 5%

0,
Closeq to open (>15%) (broadleaved or needleleaved, everg 1% 0.5% 1% 10%
or deciduous) shrubland (<5m)
0 .

Closed to open (>15%) herbaceous vegetation (grassland, 1% 0.5% 1% 10%
savannas or lichens/mosses)
Sparse (<15%) vegetation (woogsgetation, shrubs, grassland 1% 0.5% 1% 10%
Bare areas 5% 0.5% 1% 10%
Urban areas, water bodies, permanent snow and ice 0 0 0 0

aThe complete list of sensitivity cases analyzed in this study is provided in subsection 4.4.7. This table
the specific values for th€entraland sensitivity cases concerning only suitability factors.

Suitability factors based oA:Gernaat et al2021, Hoogwick 2004 anKorfiati et al 2016, Deng et al2015
(low case)d Deng et al 208 (medium case) anéiDupont et al 2020.
Note thatthis studyfollows the approactby Gernaat et al. 2021, Hoogwick
2004 and Deng et al. 201bthe case of solar P\and by Eurek et al. 2017 and Zhou
et al. 2012 in thease ofvind onshore and do not exclude any area basedchanimum
threshold for resource intensityiowever, there are variations in the literatuse a

resourceguality cutoffs have been assumed in prior assessments of solaotBMial

(Korfiati et al. 2016 andwind potential (Hoogwick et al. 2004).
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Figure 4.2. Land suitability map (%) for wind turbine deployment using the exclu
criteria inTable 4.5 and suitability factors in Table 4. G&t cell levelundercentral
assumptions. Gray areas correspond to grid cells that are entirely excluded.
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Figure 4.3. Land suitability map (%) for solar PV deployment using the exclu
criteria inTable4.5 and suitability factors in Tab#e6 at gridcell levelunder central
assumptions. Gray areas correspond to grid cells that are entirely excluded.

4.44 TechnicdPotentiali Wind Onshore

The geographel potential computed in the previous subsection (Eq.

expresses thsuitablearea forrenewable energgroduction in gridcell i (0 ). Using
this informationthe wind onshore technical potenti@l, in grid celli (kWh/year) is

computed agEurek et al. 2017)
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where D is the average wind turbine installation densityamely power density
(assumed 5.8/W Km*?), which depends on the spacing between turbibes; the
yearly-averaged wind powemMW) in grid cell i (see details below)- is the
average availability of the wind turbirfassumed 0.95p account for the fraction of
the year in which a turbine is not operating doenaintenance and/or breakdowns
- is the wind farm array efficiencfassumed 0.9Qp account for losses in farm

arrays due to the air flow interference on downward turbimesvk as wake lossgs
0 is the turbine rated power (MW), i,¢hemaximum poweputputgenerated by
a turbine model under the optimum range of wind speed values for the (sedel
Figure4.4); and"Qis the number of hours in a year.

The kinetic energy of the winghen intercepted by the blades of a turbine is a
well-established function of the wind speed at the rotor height, air density and the area
swept by the rotor bladg&urek et al. 2017; Lu et al. 2009)his relationships
embedded in the power curve of each wind turbine model. In wind potential
assessments, wind power is typically computed using the power curve of a
representative wind turbine. This same approach is followeck. Table 4.8
summarizetshe main steps ohe wind power computation method employedhich

is followed by thespecific equations utilized in such a computation.
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Table 4.8Steps for the computation of wind power.

characteristics 0
each turbine mode
Based on the wind
powerwind  speed
data pairs provide
by the power curve,
function that returng
wind power for any
input wind speed ca
be derived.

Step Justification Method Reference
Selection of| Power curveg Selection of g The representativ
representative provide wind power turbine model an¢ wind turbine mode
turbine  model | as function of wind use of its powel and choice of hul
Construction of speed at the rotg curve points to builg height are based o
power curve| height taking intog an algorithm thal Rinne et al. 2018
function. consideration th¢ computes wind The wind power

specific design an¢ power & a function| method is widely

of wind speed. Fo
the Central case, the
selected model is th
Vestas V136
3.45 MW
125m hub height
(power curve
provided in Figure
44). These choice
represent both
modern technology
and the current tren
of installations at
growing hub
heights.

used in the literature

Extrapolation of 10
m wind speed to thi
rotor height.

Wind speedoutputs
from GCMs are
provided at the 1on
level, however wing
power must be
computed at the rotg
height.

Power law equation

Karnauskas et
2018

a

Correction of wind
speed for air density

Power
provided
manufacturers
assume standar
atmosphec
conditions
density 1.225
kg/m?, air
temperature of 15 °(
and pressure of
atmosphere).

curvesg
by

(air
of

Wind speed is scale
for air density base
on the ideal gas law
which requires
GCM outputs of
atmospheric
pressure at th
station level, surfac
temperatue and
specific humidity.

Karnauskas et
2018

a

aThe hub heightefers tothe height of the rotor above the groumdis term is also referret as rotor

height.

114



a) Wind power computatiarextrapolation of 186m wind speed to the rotor height
Following prior studiegKarnauskas edl. 2018; Tobin et al. 2015)he power
law is used to extrapolate b0 wind speeds to the turbine hub hei@bwith w as
the wind speedm/s) at the hub heighto asthe wind spee@m/s)at 10 m and as

the power exponent assumed (Eg. 3).

6 & 97 3

The empirical power law equation is widely used by the wind industry to
extrapolate wind speeds to higher levBlsgarding this method@obin et al. 2015 note
that the typical power exponent value of 1/7 corresponds to neutral stability conditions
and smoth open terrainand tested an alternative formulation that accounts for spatio

temporal variations of the wind speed. The study concluded that the dynamic

coefficients tested have only slightly affected wind power computation.

b) Wind power computatiarcorrection of wind speed for air density
While computing wind paer, procedures described Byarnauskas et al. 2018
are followedto adjust wind power for air density. This is necessary given the direct
dependence of wind power on air density (whiahies largely with the altitude of the
site) and the fact that power curves are provided by manufacturers under the assumption
of standard atmospheric conditiorssr (density of 1.225 kg/fnair temperature of 15
°C andpressure of 1 atmosphégre

First,dry air density’ (kg/m°) is calculated using the ideal gas law:

N (4)
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where0 is the surface pressure (P&Yjs the surface air temperature (K) aid=
287.058 J kgt K'*. Dry air density is used to compute the moist air defisitywhich

corrects air density for humidity.

. . P N

o @ o ©

wheren is the specific humidity (kg/kg). Next, the hub height wind speedis

corrected for air density using
o b O—— 6)

Lastly, the turbine power curve is used to derive a function that relates wind

power and the corrected hub height wind speed, i.e.,

~

b Q6 . @)

Details on how functiorQwas modeled are provided tine Figure 44 below.
For each grid cell, wingpoweris computed at the native daily temporal resolution of
ISIMIP2b climate data. Daily wind power series are averaged within each year of
interest to drive annual means, which are used to estimate the wind technical potential
via Eq.2. Thisis done because the use@&TM outpus averaged across low temporal
frequencies prior to computing wind power have been shown to underestimate wind

powervalues (Kanauskas et al. 2018).

116



Rated
power f-- : =5 -
(3450)

3000

2500

2000

1500

Power (kW)

1000

n L 1 1 L | L L L 1 N N N
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Cut-in Wind speed Cut-out
speed . speed
at the rotor height (m/s)

Figure 44. Powercurve for the wind turbine Vestas V135 selected a
the representative model undegntral assumptions. Blue dots represent
pairedwind speedpower dataaken from the power curv&he dashedines
mark specific wind speeds that characterize wind turbine matielscutin

wind speed (2.5 m ¥, cutout wind speed (22 m'§ and rated wind spee
(11 m s1). There is no energy output below the-zuaind abovehe cut-out
wind speedwhile the output is maximur{B450 kWi rated powerpetween
the rated wind speed (11 misand the cubut wind speedThe red line
represents the power curve functi@edin this studyto compute wind powe
obtained by (1) performing a linear interpolation between the power ¢
(blue) points, and (2) assigning 0 kW for wind speeds below th& and
above the cubut wind speeds.

4.45 Technical Potentidl Solar PV

The solar PMechnical potentiafO ) in grid celli (kwh y*1) is computed as

(Gernaat et al. 2021; Hoogwijk 2004)

0 ; pmI0 JQO- O-— Y 6)

whereOis the yearlyaveraged solar radiation (Wrfpin grid celli; 6 is the suitable
area in cell (Km? Eg. 1);Qs the number of hours in ayear; isthe land uséactor

(assumed @), which accounts fothe fraction of the suitablareaactually covered
by PV panelssincethere is spacing betweethe panelsand0 'Yis the performance

ratio of the PV system (assumed%),8vhich expresses the ratio between the actual
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output of the system and the performangeder standard test conditions (STC)
(standardized set of conditions under which solar panels are testatiount for the

overall efficiency losses within any PV system.

The term— is the PVpanelefficiency, which is affected by atmospheric

condtions according to Ec®.

- - odp Y 5 Y 9)

where— is the standardfficiencyof aPV panelassumed 17% an average value
in the market);Y is the temperature under STC {€%; and the thermal coefficient
[ is taken a$0.005°C?, denoting the typical response of the monocrystalline silicon

solar panels widely used theworld market today

The dependence ofY , the PV cell tempmature, on the ambient temperature
(TAS in°C), solar radiation (I in W ) and surface wind speetd {Qc » RIMGBH)

is given by

Y i 0 QY OO i QOLOQEQ (10)

where® = 4.3°C, ® = 0.943,00 = 0.028°C m? W ! and® =1 1.528°C s m*L.

4.46 Technical Potential Maps

Following prior studiegGernaat et al. 2021; Hoogwijk et al. 2004; Zhou et al.
2012) each technology technical potential case is calculated on a yearly basis and the
resulting energy outputs are averaged oveyr3periods(1971 2000, 20112040,

20472070 and 20712099) for each GCM.Figures 4.5i 4.6 show the technical
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potential mapyy technologyor the 197312000 periodesulting from the methodology
described abovasing input data from thB®SL-CM5A-LR modelas exampleNote
that he parametervalues listed in the equations above constitute the central
assumptions for this study.

Overall, he technical potential maphown inFigures 45i 4.6 are in qualitative
agreement with similar results found in the literature with respect to areas with high
and low resource quality (although there are some differences with respect to excluded
areas given the different assumptions). For exankitgire 45 shows high-quality
wind resource areas in Northern Africa, Eastern Africa, Australia, Southern South
America, Central USA zones, and some portion of Central and Eastern Asia, which is
in line with results by Lu et al. 2009 and Karnauskas et al. 2018. In the csskarof
PV (Figure 46), the largespotential areaare found in Northern Africa and Middle

East, which agrees with similar results by Korfiati et al. 2016.

60°N

30°N

30°S

60°S i : 0.00
180° 120°W 60°W 0° 60°E 120°E 180°

Figure 4.5. Global wind onshore technical potential computed usingdihigability
map displayed irFigure 4.2 and Equations2i 7 (Central case). Input climate dat:
IPSL-CM5A-LR (1971 2000) Gray areas correspond to grid cells that are ent
excluded.
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Figure 4.6 Global solar PV technical potential computed using the suitability |
displayed inFigure4.3 and Equations8i 10 (Centralcase). Input climate dat#SL-
CMB5A-LR (1971 2000) Gray areas correspond to grid cells that are entirely exclt

4.47 Sensitivity Cases

Tables 4.94.10 summarizevhich parametric assumptions are analyzed in this
study and the references from which they are taken frohese assumptions then

reflect a range of values used by prior studies.
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Table 4.9 Parametric assumptions for all cases analyzed for the onshore wind

technology.
Parameter Caselabel Reference Value

Power output estimatg Central Rinneet al.2018 Turbine  technology
Vestas V1363.45; hub
height = 125m

Power output estimatg E101_3.05 Holtingeret al.2016 | Turbine  technology
Enercon E108.05;
hub height = 135m

Power output dsnate | GE_2.5100 Lu et al.2009 Turbine  technology
General Electric GE
2.5100; hub height =
100m

Power output estimatg V90_2.0 Boschet al.2017 Turbine  technology
Vestas V962.0; hub
height = 100m

Suitability factors Central Eureket al.2017 See Tablel.6

Suitability factors S_low Zhouet al.2012 See Tablel.6

Suitability factors S low_lI Deng et al. 2015 See Tablel.6

Suitability factors S_high Lu et al.2009 See Tablel.6

Power density Central Rinne et al. 2018 | 5.3 MW K 2

Eureket al.2017

Power density Pdens_1 Adams and Keith 201{ 1.0 MW Kn 2

Power density Pdens_9 Lu et al.2009 9.0 MW Km' 2

Power density Pdens_13 Rinneet al.201& 13.0 MW K 2

Hub height Central Rinneet al.2018 125

Hub height Hub_75 Rinneet al.2018 75

Hub height Hub_100 Rinneet al.2018 100

Hub height Hub_150 Rinneet al.2018 150

Notes:

70-100 m range.

aFigure4.7 showsthe power curves of all turbine models analyzed in this study.
® The high power density case is set to 18¥ Km®? given that the uppeoound limit for this
parameter in the literature has been shown by Rinne et al. 2018 to be iRIBM¥2 Km®? range.

¢ As shown by Rinnet al. 2018, many previous assessments have assumed hub heights wi
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Table 4.10Parametric assumptions for all cases analyzed for the solar PV technology.

Parameter Caselabel Reference Value
Performance ratio)('Y | Central Gernaaget al. 2021 0.85
Performance ratia)('Y | PR_75 Denget al.2015 0.75
Performance ratio)('Y | PR_90 Used to understan| 0.90

implications from
higher assumptiofis
Land use factor{ ) | Central Gernaat et al. 2021;| 047
Koberleet al.2015
Land use factor{ ) | Nipv_20 Deng et al. 2015 0.20
Land use facto{ ) | Nlpv_30 Deng etal. 2015 0.30
Land use facto{ ) | Nlpv_100 Hoogwick 2004 1.0
Suitability factors Central Gernaakt al.2021 See Table #
Suitability factors S low Deng et al. 2015low | See Tablel.7
case)
Suitability factors S low_lI Deng et al. 201§ See Tablel.7
(medium case)
Suitability factors S_high Dupontet al.2020 See Tablel.7
Notes:
2No reference found for @ "walue higher than th€entral case.

3500 [ e GE2.5-100
| = IEC_II_3500
— \/136-3.45
— \/90-2.0

Power (kW)

1 1 1

0 5 10 15 20 25 30
Wind speed at the rotor height (m/s)

Figure 4.7. Powercurves for all wind turbine models analyzed in this st(rdgall
thatthe turbine modedior theCentralcaseis theVestas V13&3.45).
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4.48 Implementation of supply curves in GCAM

As noted earlier, supplyurves (a representationefonomic potential) are key
assumptions in GCAM as well as in other IAMs. They represent costs of generating
power from renewable resources that increase with additional development as+the least
cost sites (those with higher quality resources) are us&td Tio produce the supply
curves used in this study, each gloB@dyr averagegotential map is used to obtain the
total technical potential in all GCAM regions. The total regional potential is then
divided into classes spanning lote high-quality resoute categories so that each class
corresponds to a point in the supply cuflee computation of the costs of electricity
is carried out using the GCARBBatasystem(Calvin et al. 2019jramework (the open
source R package that procesaad producgall GCAM input files). This package
compute the cost of energy for each point in the curve based on GCAM economic
information of capital costs, operation and maintenance castkfixed charge rate
(listed in lyer et al. 2017)This is the same process used to build the default wind
onshoe supply curves that are part of the GCAM core verdiote that the wind
onshore supply curves produced here replabeddefault GCAM supply curves
produced fromthe wind onshore potentials computed Byrek et al. 2017As
mentioned in Chapter He dility -scale solar technologi@s the GCAM core version
do not rely on supply curveblence, the solar supply curves produced in this study
replaced thedefault assumption of unlimitedolar resourcesTo produce the solar
supply curvesthe original GCAMdatasystemR code for wind onshore was modified

to accounfor the costs of solar energy
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Supply curves for all casesere implemented in GCAM for the lonterm
assessment of implicatiorier the power sector. Amentionedin Chapter 3 these
curves affectGCAM technology competitianFigure 4.8 showsexamples of supply

curves for the USA for some selected cases.

Figure 4.8. Examples of (a) winanshoresupply curves and (b) solar PV supy
curves for the USA. Curves represent sensitivdiges (solid lines, period: 197
2000) and climate change impacts on the technical potential (dashed lines,
20712099). In this example, input data derive from the H3U5A-LR model

under RCP2.6.
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