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O Brasil € apontado como uma importante fonte global de energia de baixo carbono,
principalmenteatravés debioenerga com captura e armazenamento de carbono (BECCS).
Contudo, existem potenciatsade-offs significativos entre a mitigacdo de gases de efeito
estufa e outros objetivos de desenvolvimento sustentavel, incluindo aumento no
desmatamento eepdas na biodiversidade ou qualidadeadaa Ademais, maiores emissdes
de gases naG0,, especialmente metano e Oxido nitroso, podeduzir o potencial da
bioenergia de mitigar emissdes, ja que estes gases sdao em grande parte associados a
agricultura eao uso do solo. A bioenergia representa o elo entre a agricultunaado solo
por um lado, e os sistemas energéticos por outro. Até hoje, poucos estudos avaliaram de
maneira integrada as interligacdes entre estes setores no Brasil, bem como os mopactos
potencial da bioenergia oriundo das emissbes de gaseSragerados na sua producao.

Esta tese apresenta um arcabouco de modelagem para explorar essas interligacoes
conectado diretamente a agricultura, o uso do solo e os sistemas energéticos €micana
plataforma de modelagem. Ela entdo explora cenérios de contribuicdo brasileira para
esforcOes globais de mitigacéo climatica, ressaltando impadtosetoriais Avalia tambéem

de modo inovador como escolha de fatores de emisségllafdiam as sofibes do modelo.
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1. Introduction
Human activity has so altered the natural ba

the formalization of a new geological epoch: the Anthropoc@@BRUTZEN, 2002;
ROCKSTROMet al., 2009; ALASIEWICZ et al., 2017)Of the global change processes at
play, climate change is arguably the most impactful to humanity as a ,whibke the
Intergovernmental Panel on Climate Change (IRGC)ts 5" Assessment Repi(AR5),

listing a series of impacts on livelihoods and food production, species extinction and sea level
rise, through changes in precipitation and average surface temperatures, duration of heat
waves and extreme events such as wildfires and tropicddbneg Food security is of
particular concern given that population is projected to reach some 9 billion people-by mid
century(IPCC, 2014)

In 2015, at the 21 Conference of the Parties to the UNFCCC (COP21) in Paris, parties
agreed on a landmark treaty tackle climate change: The Paris Agreem@mFCCC,
2015) In Article 1, signatory countries agreednitigate carbon emissions in order to hold
fithe increase in the global average temperature to well below 2°C abovedusrial levels

and pursuingefforts to limit the temperature increase to 1.5°C aboveirpatastrial levels,
recognizing that this would significantly reduce the risks and impacts of climate ohange
Achieving this goal will require a drastic reduction in anthropogenic greenhoug€lg&y
emissionyIPCC, 2014,KRIEGLER et al., 2018)In addition, and adding to the challenge,
the Paris Agreement calls upon countries to submit their own targets and commitments,
leading to a patchwork of ndminding commitments that may well prove ireffive without
future ratcheting up of ambitigischiermeier, 2015; UNEP, 2017a)

Another landmark aspiration of the international community is embodied in the United
Nations 2030 Agenda, which includes the Sustainable Development Goals (SDGSs), a set of
17 objectives encompassing 169 targ@isited Nations, 2015a)These include from social
objectives- eradicating poverty (SDG1) and hunger (SDG2) environmental objectives

such as protecting biodiversity (SDGs 14 and 15), while providing universatsatoe
modern energy forms (SDG7). Climate Action, and hence the Paris Agreement, is but one of
the goals (SDG13), which implies that climate change mitigation will have to be
implementedvithout sacrificing the other goalBor example, any emissions redans will

have to be achieved together with an increase in food production to feed an estimated 9



billion people by 2050 United Nations, 2015b)while reducing environmental pressures

threatening natural resources such as biodiversity, land and waterces

In addition, increasing access to modern energy (SDG7) and sustained economic growth
(SDGS8) will require a transition to a leearbon economyAs part of the lowcarbon energy
supply portfolio, nost of the scenarios analyzed in the IPCC AREC, 2014)that achieve

the objectives of the Paris Agreeméamtlude deployment okignificant levels of bioenergy
including with carbon capture and storage (BECCS). In other words, decarbonizing the
energy system may require large amounts of bioenergy wittnpal negative effects on
agriculture and land us&ecause bioenergy production and use span the agricultural, land
use and energy sector® studythe full effectsof a transition to a lovearbon economy
requires a type of assessment that integraesneeconomic systems analysis with socio

environmental dimensions.

Such integrated assessments usually rely on the use of scenarios that explore possible futures
in a qualitative manner, with quantification often done through mathematical models known
as integrated assessment models (IAMs). Globally, several such scenari¢SAKISDPIN

et al., 1997NAKICENOVIC et al., 2000RASKIN et al., 1998) sometimes classified into
scenario familie§VAN VUUREN et al., 2012) The latest development in globategrated
scenarios for global environmental change are the Shared Socioeconomic Pathways, or SSPs
(O6 NE letdl, 2017;RIAHI et al.,, 2017) These global integrated assessments are the

result of complex multi model interdisciplinary analysis and are dia¢he global level.

The ultimate goal of the Paris Agreement (and climate negotiations in general) is to prevent
dangerous humaimduced climate change, and the IPCC AR®rking Group 1 \WG1)

report (IPCC, 2013)indicated that net cumulative emissionisamthropogenic C®is the

main driver of longierm temperature rise over historic times. Therefore, in order to curb
temperature rise, cumulative emissions@®, must be capped at a specific level. The
remaining total emissions is what is referred ta asrbon budget. Carbon budgets represent
our estimate of the total amount of cumulative carbon emissions that are consistent with
limiting warming to a given temperature le€lOLLINS et al., 2013MATTHEWS et al.,

2012; MATTHEWS and CALDEIRA, 2008;MEINSHAUSEN et al., 2009ROGELJet al.,

2016)

In order to achieve its ultimate goal of preventing catastrophic climate change, the Paris

Agreement will have to be successful at curbing not only, ®0t also norCO, gases, of

2



which methane(CH4) and nitrous oxide (N2O) are the most abundant. Moreover,
international consensus on how the global budget is allocated will need to arise from the
negotiations, and this outcome remains uncertain. What is certain is that all climate drivers
will have to be addresseappropriately, which implies contributions from all sectors of
society across global regions. Although £&hd energy use emissions may dominate in
developed countries, developing countries often have an emissions profile that have much
higher participatio of land use and agricultural sectors, resulting in a much higher share of
nonCQO, gases(IPCC, 2014) For instance, no&O, gases represent 45% of total GHG
emissiongn Colombia, 28% in Indiaand57% in SenegalCAIT, 2018) Most of these non

CO emissons come from the agriculture, forestry and land use sectors (AFOLU).

There are many pathways to achieve a level of emissions compatible with the goals of the
Paris Agreemen(CLARKE et al., 2014,KRIEGLER et al., 2018;ROGELJet al., 2018;
TAVONI et al., 2015), and country contributions diffesignificantly (FRAGKOS et al.,

2018; VAN SOEST et al., 2015) In fact, allocating emissions budgets to the different
countries is a challenging exercise, with several existing allocation criteria delivering a
different distribution of the global budget among counti¢®HNE et al., 2014; RN et al.,

2017) Some developing countries, especially emerging economies, play an important role in
how these scenarios attain thelimate objectives, througlsizeablecontributions in various
sectors from energy (China and Indiay) to agriculture and forestry (Brazil and Indonesia
e.g.)(IPCC, 2014;VAN SOESTet al., 2015) Therefore, a closer look at the contributions
from the AFOLU sectors and ngDO, gases in developingountries, and how they interact

with CO; and energy system emissions in these countries, is a valuable contribution to the

extant literature.

In order to zoom in on details of s@multigas crossectorinteractions, this thesevelops

a methodologyd assess land use change (LUC) in the context of energy system models,
including norCQO, greenhouse gasel.does so in the context of Brazd, middleincome

country al emerging economy with an important agricultural sector and significant remnant
of naive vegetation with high levels of carbon stock Br azi | 6 s emi ssi ons
significant share of ne@0, GHGs (MCTIC, 2016. In addition, the countryfeatures

prominently when it comes to bioenergy production and(E&E, 2016) The country ha

11n addition, see alsbttps://www.climatewatchdata.org/pathways/scenarios#medelisariosndicatorsfor a
partial list of existing scenarios. Or the AMPERE project database
(http://www.iiasa.ac.at/web/home/research/researchPrograms/Energy/AMPERE _Scenario_datapfase.html
scenarios resulting from participating models.



https://www.climatewatchdata.org/pathways/scenarios#models-scenarios-indicators
http://www.iiasa.ac.at/web/home/research/researchPrograms/Energy/AMPERE_Scenario_database.html

enormous bioenergy potenti@@ ERQUEIRALEITE et al., 2009; EAL et al., 2013LORA

AND ANDRADE, 2009;PORTUGAL-PEREIRAEet al., 2015RIBEIRO AND RODE 2016;
WELFLE, 2017) and this poses potential synergies and tradis between energy
development, chate mitigation and other sustainable development objectives such as
biodiversity conservatigrwater supphand food securityThe proposed methodology will be
evaluated through two distinct case studies. First the interlinkages between energy and
AFOLU sectorsareexamined through bioenergy production and use. Second, the role-of non
CO, GHGs is examined through the use of nitrogen fertilizer use and resuiltiogs oxide
emissions paying particular attention to the choice of emission fadimr agriaultural N-

N20.

This analysisrequired the expansion of an existing energy system model, namely the
COPPEMSB (KOBERLE et al., 2015NOGUEIRA et al., 2014ROCHEDOet al., 2015a)

to include a land use and agriculture module in order to:

1. Create scenarios theoncurrently look at energy and AFOLU mitigation options and
confronts them directly, and

2. Understand the ramifications of agricultural intensification: yield improvements,
fertilizer demand, noi€O, GHG emissions.

In order to do so, this thesis encongesstwo main types of activities, namely:

1. Model development, in which
a. It presers an integrated model for Brazil (BLUE$e Brazil LandUse and
Energy Systems modgl that includes energy system representation -hard
linked to a lanelse module so that optimation solutions can be derived for
both sectors simultaneously
2. Model application through scenarios analysis, whereby
a. It explores possible interlinkages between energy and land systems, with
special focus on:

i. the impacts of bienergydeployment, in partular in association with
carbon capture and storad®g5CCS9, on land use, agriculture and
livestock production;

ii. competition between biofuels and electrificatiortrahsportation;

iii. sensitivity of biofuel deployment tihe choice of agricultural BD
emissia factors for crop cultivatian

Through these activities, this thesis sets out to answer the following overarching questions:

1. A" Wh at impaetsimtpdsedontheland use (LUsectorSromb i oener gy 6 s
contributions to climate change mitigatic



2. "How does t he c hxDienmisionddctoraajfectithe solution of @ | N
costoptimization perfectoresight model, especially as it applies to the energy
sector ?o0

However, before moving on to the description of the methodokgy the resulisit is

important to provide some background in the form of a literature review



2. Context and theoretical lackground
First, in order to provide some contextual background, the review will ex{@oreng other

things and not necessarily in this ordé® arrent state of global AFOLU emissions; carbon
budget and noil€O, GHG emissionsjand use change antbmpetition between various
forms of land use (biofuels vs afforestation e.th¢ issue of agricultural intensificatioand
current trends in Brazil t@y relevant for the topics at hand, placing them within the
Brazilian national context. In addition, a review of the scenario and modelling literature will

place the current research into a proper theoretical framework.

2.1Global emissions from AFOLU sectors
The majority of global GHG emissions is in the form of3@m fossil fuel combustion for
energy production and from industrial processes (or fossil fuels and industry, FFI), while
nonCO, GHG emissions are evenly split between FFI and agriculture tfprasd land use
(AFOLU) sectors. Globally, direct GHG emissiofrem AFOLU accounted for about a
quarter of allGHG emissions in 2010 on a G€y basis using GWP100 (see below for a
discussion of substitution metrigA, 2018; IPCC, 2014)

Global energyelated CQ emissions grew by 1.4% in 2011, reaching a record 31.6 O
(TUBIELLO et al., 2014)then remained flat at 0.9% for a few years before resuming growth
in 2017, when they climbed y4% to reach a historic high of 32.6 GtQ that yea(lEA,

2018) That same year, energy demand grew by 2.1% with fossil fuels meeting 70% of that
demand in spite of strong growth in new renewable capagltich accountedor about a

guarter of the growth in global energy deméitth, 2018)

By contrast, knovddge about AFOLU emissions remains poarfundamental gap that
includes the lack of an international agency tasked with gathering data and prewidira
reports on AFOLU emissions. This not only prevents an accurate estimation of total GHG
emissions gibally, but also hinders the identification of response strategies and mitigation in
the AFOLU sector¢TUBIELLO et al., 2014)Energy related emissiossiffer from10-15%
uncertainty rangewhile AFOLU emissions uncertainty is much higher, ranging bet@@en
150%(IPCC, 2006a)The FAO databagdor the AFOLU sector gathers data from individual
countries and fills gaps through IPCC Tier 1 methodol@dBZC, 2006aTUBIELLO et al.,

2014) as will be explained below.

2 http://faostat3.fao.org/faostatgateway/go/to/browse/G1/*/E
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In 19902010, AFOLU netGHG emissions ggw by 8%, driven byncreases in agriculture
emissions from a 7,497 MtG€q average in the 1990s to 8,103 MtE® average in the
2000s (an increase of 8%lhese aggregate numbers were thenbinedresult of an 8%
increase in agricultural emissions, and &ydecrease in forestry and land use (FOLU)
emissions by 14% (a result of lower deforestation rates), and by al@&%ase in removals
by sinks(TUBIELLO et al., 2014)

2.1.1 The Ain AFOLU: emissions from agriculture
GHG emissions from agriculture conswtly of agricultural norCO, GHGs, as the C®

emitted through agricultural practices is considered neutral as part of the annual cycle of
carbon fixation and oxidation through photosynthéSMITH et al., 2014 TUBIELLO et al.,

2014) In 2011, agricultural amual GHG emissions reached an estimated 5,335 MGG

full 9% above the decadal average 2@010, with emissions from neinnex 1 countries
accounting for three quarters of that to(@UBIELLO et al., 2014) These nofCO
emissions represent betwedn12% of global GHG emissiondPCC, 2014)

As mentioned before, there is significant uncertainty on agricultural emisf@cause
agricultural emissions depend on factors with high spatial and temporal variability (such as
soil types, rainfall and felizer application rates e.g.), there is significant variation between
databases regarding global agricultural 4@@» emissions.The IPCC AR5 reports on data
from FAOSTAT, US EPA and EDGAR for historical n@0O, emissions.Although
independent, these datam®s are mostly based on FAOSTAT activity data for global
agriculture, and use IPCC Tier 1 approaches to derive emigHripG, 2014)

The US EPA(2012) estimates that the agricultural sector is the largest contributor to non
CO; GHG emissions, accoungnfor about 54% of global neGO, emissions in 2005.
Enteric fermentation and agricultural soils account for about 70% of totaC@aemissions,
followed by paddy rice cultivation {91%), biomass burning {62%) and manure
management (8%) (IPCC, 2014) The AR5 Synthesis RepoftPCC, 2014)breaks down

emissions of noilC O, gases of these categories as follows:

1 Enteric fermentationcomprised of Ckl these have been growing at average annual
growth rates of about 0.70%, with about 75% of thel130GtCeq coming from
developing countries in 201@hile in the Americas, this growth rate has been higher,
about 1.1% per yedPCC, 2014)Methane emissions from enteric fermentation
accounted for about 40% of agriculture sector GHG emissions irZmDi
(TUBIELLO et al., 2014)




1 Manure the norCO; emissions (mostly pD) grew between 1961 and 2010 at an
average 1.1% per year for this category, which includes organic fertilizer on cropland
or manure deposited on pastures, with the latter responsiltaégidarger share than
the former. About 80% came from developing countries, and 2/3 of the total came
from grazing cattle, mostly bovine herfdBCC, 2014)They represent about 15% of
agriculture emissions worldwide in 20@D11(TUBIELLO et al., 2014)

1 Synthetic fertilizer:these grew at an average 3.9% annually between 1961 and 2010, a
9-fold increase from 0.07 to 0.68 Gt @%0/yr. At this rate, this category will surpass
manure deposited on pasture in the mkedade anbecome second only to enteric
fermentation. Some 70% of these emissions come from developing coy@s,
2014)(IPCC, 2014)In 200%2011, they accounted for 13% of agriculture sector
GHG emissions.

I Rice cultivation In 2011, methane emissions from rice cultivation totaled 522
MtCO2eq,about 10% of agricultural emissions that yeWBIELLO et al., 2014)

2.1.2 Global forestry and land use (FOLU) emissions
Consisting mostly of C&fluxes, primarily emissions from deforestation, but also including

uptake (sequestration) from reforestafregrowth, FOLU accounted for about 1/3 of
anthropogenic emissions between 1750 and 2011, and 12% of emissions i202000
(SMITH et al., 2014) The role of forests as CQ@inks is important for AFOLU mitigation
through forest protectiomeasures There has been a general reduction in FOLU 2CO
emissions across regions, with models indicating a peak in the 1980s. Drops in deforestation
rates, most notably in Brazil, and afforestation in Asia have contributed to this decline
(KEENAN et al., 2015)Brazilian CQ, emissions dropped by about 80% between 2005 and
2010 (GofB, 2015a;MCTIC, 2016 due to reduced deforestation from the 2004 peak of
27,772 knd in the Amazon and8,517 knd in the Cerradobiome(INPE, 2017)

It should be noted thalhere is much unceinty surrounding FOLU emissions, mainly due to
the fact that they cannot be measured directly, and muwesitimeated, which is done through

a variety of methods vyielding a range of res¢&8ITH et al., 2014) For example, FAO
estimates its FOLU emissie through estimated changes in observed land use and estimated
values for carbon stock in standing biom@&SENAN et al., 2015TUBIELLO et al., 2014)

The issue of C@removal by carbon sinks (particularly forests) has been debated in the last
years(Erb et al., 2013LE QUEREet al., 2013)and is a source of significant uncertainty

even in some national inventories f or e x a (GpfB,201%y azi | 6s

A full treatment of FOLU emissions is beyond the scope of this thast the reader is
referred to he reports on AFOLU emissions by the IPGEMITH et al., 2014)and by FAO



(TUBIELLO et al., 2014)for further information.Necessary concepts and data will be
explained and reported as needed in the methods chapter as they are introduced into the

modellingframework developed here.

2.2Background on scenario analysisand the SSPs
Assessment of future GHG emissions is a complex -ghismiplinary endeavor involving
knowledge from engineering, economics, soeiat life sciences and covering variables
whosefuture development is highly uncertain. Exploring uncertain futures is the realm of
what has come to be known as scenario analysisieh survey of the literature on scenario

analysis is included next

Scenario analysis is a tool for assessing the dutls uncertainties and opportunities, and
provides a formal method for evaluating alternative strategies for management of private and
public enterprises. Its roots go back to the 1940s with the emergence of strategic analysis, and
has been influenced the RAND Corporation, Stanford Research Institute, Shell, SEMA
Metra Consulting Group and otheBERKHOUT AND HERTIN 2002). They have been

used extensively in environmental assessments in which uncertainties play an important role
in future developmenOf particular note are the global assessments conducted on the global
environment in the Global Environmental Outlook séyiesd the various IPCC reports on
climate change such as the latest 5th Assessment Rep&fR5 (IPCC, 2014). Other much

qguotedeports wutilizing scenarios include PBLOG6sS

from the Global Scenario Group such as the Great Transitions and Branch Points reports
(GALLOPIN et al., 1997;RASKIN et al., 1998; RASKIN et al., 200RASKIN, 2006).
Recenty, a set of new scenarios for climate and development analysis have been introduced
in the form of the Shared Socioeconomic Pathways (S&PAH( et al., 2017).

Generally speaking, scenarios are broad narratives of possible futures, with storylines
repregnting alternative future worlds based on internally consistent assumptions and
emanating from past and present trends. Rather than trying to predict the future, "exploratory
scenario approaches posit alternative framework conditions and attempt toneplassble
representations of the future ... seen as alternatives against which current strategies may need
to be robust"BERKHOUT AND HERTIN2002).

3 http://web.unep.org/geo/



Quantification of these narratives is generally done via assessment modelling, using tools like
the moels described in this thesis. This quantification allows for the exploration of the
development of selected parameters identified as important for the analysis at hand. In the
case of energy scenarios, these may include aggregate quantitiegrifiteey energy
consumption, Powegeneration orbiofuels production, or actual individual commodities
projections such as crude oil, coal and natural gas consumption. In the case of land use
scenarios, forest area, cropland and pastures, as well as other lantyjpesecare examples

of variables of interest. A prime example of the quantification of narrative scenarios is the
series of quantificatianof the five secalled marker SSPs scenari@®ALVIN et al., 2017;
FRICKO et al., 2016 FUJIMORI et al., 2017KRIEGLER et al., 2017VAN VUUREN et

al., 2017).

In addition to a narrative storyine O6 NEI LL et tahe, S2®4d7) ncl ude
guantified measures of devel opment 0, whi ch
growth rates. Although some referenaganqtification for these drivers is included in the

SSPs, the quantification of the consequences of these drivers is left to the scenarios created

by modellers based on the SSPs. For a given population size, for instance, there is a wide
range of possible wironmental impacts. Same for GDP level. Therefore, the potential
outcomes of a large population or of high GDP is left for the scenarios to depict. The SSPs

are meant as a common point of departure from which to create scenarios aiming to test

differentoutcomes.

By itself, an SSP does not determine an emissions pathway. Rather, it represents a range of
possible outcomes within a selbnsistent storyline that will unfold during the course of the
present century. The world described by each SSP couldtdeatbre than one climate
outcome depending on how some of the drivers behave individually or in combination with

each other.

In general, SSP2 is seen as a continuation of current trends, a mix offdekl
development with some level of environmenalicy keeping impacts somewhat in check
(FRICKO e t al ., 2016) . For this reason, it S
contrast to SSP1 which is seen as a green growth scévaibVUUREN et al., 2017)and

SSPs 3 and 5, which follow morera@ntional development pathways, differing in the level

of globalization and equityUJIMORI et al., 2017KRIEGLER et al., 2017)Finally, SSP4
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describes a dystopian wordkdf fAdeepening inequalitieso and
et al., 2017).

2.21 Global and national GHG emissionsscenarios
As mentioned before, thesre myriad GHG emissions scenarios in the literature, developed

by groups from different countries and using different tol4ARKE et al., 2014;
KRIEGLER et al., 2018ROGELJet al., D18; TAVONI et al., 2015) They have been used

to assess the impacts of climate policies on both the global and national level (FRAGKOS et
al., 2018;VAN SOEST et al., 2015) with particular attention being paid to the potential
outcomes of the Paris Agmeent (ROGELJ et al., 2018ANDYCK et al., 2016)Scenarios
assessing the ambition level of the Nationally Determined Contributions (NDCs) to the Paris
Agreement conclude the level of ambition is not high enoWdWEP, 2017), implying the
ratcheting up preess needs to begin in the next round of NDCs. Scenarios consistent with
Paris Agreement goals see significant decarbonization across all sectors of the global
economy, but especially power generation and energy supply, which see significantly higher
shars of renewable energy technologi€ ARKE et al., 2014, KRIEGLER et al., 2018;
ROGELJet al., 2018TAVONI et al., 2015VANDYCK et al., 2016.

Bioenergyuse is projected to grom most climate mitigation scenasiowith and without

CCS, with significahpotential impacts of land use and agriculture globally (MANDER et al.,
2017; MURATORI et al., 2016High levels of BECCS features in a large share of the Paris
consistent scenarios, even though its feasibility has been questioned (PETERS AND
GEDDEN, 207). In fact, not only the feasibility of CCS itselfas been questioned
(ARRANZ, 2015; NYKVIST, 2013; KRIGER, 2017) but the high levels of bioenergy
feedstocks required may compete with land for food production, raising concerns over food

security (see Sxion 2.4).

On the other hand, from the purely tecksamnomic standpoint, BECCS and bioenergy in
general rely on existing technologies and are candidates for scaling up (SANSREZ
KAMMEN, 2017). This remains controversial and the main criticism levelleBECCS is

that itmay prove to be a dangerous distraction further delaying decarbonization sooner.

2.3 Carbon budgets and norCO2 gases
As mentioned beforecarbon budgets represent our estimate of the total amount of
cumulative carbon emissions thae @onsistent with limiting warming to a given temperature
level (COLLINS et al., 2013;MATTHEWS et al., 2012;MATTHEWS and CALDEIRA,
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2008; MEINSHAUSEN et al., 2009;ROGELJ et al., 2016) Since the Fifth Assessment
Report of the Intergovernmental Panel @imate Change (IPCC AR5) robustly established
the nealinear relationship between cumulative carbon emissions and peak global
temperature increase, the concept of budgetsncaeased in prominence in climate policy
(COLLINS et al., 2013KNUTTI andROGELJ, 2015) Carbon budgets can be derived in a
variety of ways.The IPCC AR5 provided estimates for the hypothetical case thatweld

be the only anthropogenic greenhouse gas, for a case which considers consistent
contributions of nofCO, forcers, and &imated carbon budgets over various timescales
(COLLINS et al., 2013; IPCC, 201880GELJet al., 2016) The AR5 reports carbon budgets
associated with different climate stabilization targets as set by the Representative
Concentration Pathways (RCR$)AN VUUREN et al., 2011)and these are shownTable

2-1.

Table 2-11 Carbon budgets associated with climate stabilization targets as set by the RCPs

Cumulative CO2 Emssions 2012 to 2160

. GtC GtCQ
Scenario
Mean Range Mean Range
RCP2.6 270 140 to 410 990 510 to 1505

RCP4.5 780 595 to 1005 2860 2180 to 3690
RCP6.0 1060 840 to 1250 3885 3080 to 4585
RCP8.5 1685 1415101910 6180 5185 to 7005

Notes: 21 Gigatonne d carbon = 1 GtC = 1Gsgrams of carbon. This corresponds to 3.667
GtCOa..

Source: Adapted from IPCC (2013)

Budgets that only look at warming from €@re scientifically bestinderstood bubave
limited value to reaWorld policy making because human aities also emit many other
radiatively active species together with £®@herefore, most policyelevant carbon budget
estimates take into account the influence of-@&» forcers(IPCC, 2014,ROGELJet al.,
2016, 2015) These nofCO, contributions are eshated byeither considering consistent
evolutions of CQ and norCO: forcers from integrated scenarios, like the RCPs
(MEINSHAUSEN et al., 2011)or can be systematically vari@®@OGELJet al., 2015)

The nonCO; emissions in these scenarios, howeveg, @ten reported based on-called
Tier 1 default emission factors, derived through-dogvn methodology often fraught with
uncertaintiegIPCC, 2006a)
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2.3.1 Non-CO2 agricultural emission factors
The IPCC Tier 1 approach for GHG emission factors, theafled default emission factors,

are recommended by the IPCC guidelines in the absence of reliable data to support the
implementation of more empirically based values by crop and réift@C, 2006a)A Tier 1
approach uses default factors to calculate thestoms of GHGs from measured activity data

such agiitrogen application rates, or livestock numbers and feed qHAGC, 2006h) Tier

1 approaches are recommended when there is a lack of data or very high uncertainties. The
default values are the resali average of empirical measurements as reported in the
inventory guidelines from the IPCQPCC, 2006b, 2006c)Of particular interest to the
present work, the emission factor associated wittlogen application was found to result on
averagan 0.9% ofappliednitrogen being emitted as:N-N, that is as theitrogen atom in a

N20O moleculgIPCC, 2006¢)a value usually rounded to 1%

However, the IPCC Good Practice Guidance for Land Use, Land Use Change and Forestry
handbook (the GPGULUCF henceforth) lso states that for key categories, at least a Tier 2

approach should be attempted. The handbook defines a key category as:

A key category is one thatisritizedwithin the national inventory

system because its estimate has a significant influencAén@i OOUGS O
total inventory of greenhouse gases in terms of the absolute level, the
trend, or the uncertainty in emissions and removals. Whenever the term
key category is used, it includes both source and sink categories.

(IPCC, 200Ch 3

As will be showvn in Section2.6, nonCO, gasesare likely to dominate the Brazilian

emissions profile in the long term. Therefore, parameters drivingO@nGHG emissions

should be classified as a key category, and therefore be assessed using Tier 2 or 3
methodology. Tie main drivers of D emissions are in the agricultural sector and include
nitrogen fertilizer application to cropland and animal wastes left on pastures. In the case of
bioenergy feedstocks, the-® emissions of their agricultural production turns biogpe

from being fAcar bon f r-@eGHG emissiorafactoruThérdfoye-N a v i n ¢
application rates to cropland and the associated Bimission factar are critical for an
accurateassessment of climate change mitigation, globally and espeicidisazil given its

status as an agricultural commodity and bioenerggucer
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2.4 Land use change and @mpetition for land
Bioenergy prodation may be an attractive option for climate change mitigation, particularly
in combination with carbon capture andrsige, the secalled BECCS (KATO AND
YAMAGATA , 2014) However, the impacts on agriculture and land use may outweigh the
benefits from emissions reductio(EOM et al., 2015MURATORI et al., 2016)(PLEVIN
et al., 2010)report that GHG emissions from inéat land use chanbdiLUC) in the
Il i teratur e smalrbgteot Hegligihte, ta deweral fimes greater than the life cycle
emissions of gasolidee, and t hat i LUC estimates wused for
end of the spectrumMELILL O (2009) reportson research showing that emissions from
iLUC will be significantly higher than from direct LUGAoreover, lifecycle emissions from
the combustion of biofuels are often assumed to be zero since the carbon was captured by the
biomass, but C®emissions do occur in the cradewheel chain, and may be naero,
especially if norCO, emissions from combustion are include(SMITH AND
SEARCHINGER 2012)

An important consequence of the rise of bioenergy in recent decades has been a progressive
linking of energy and agricultural markets, which in the past have operated quite separately.
Should bioenergy production reach the levels projected in the scenarios described in the
previous section, the resulting massive production of energy from agraiulesources will

link these markets tightl{TYNER AND TAHERIPOUR 2008) The authors say this

d e v el oigs peehaps thaimost fundamentally important change to occur in agriculture in
decades, é and requires an ianketeand dediga police nv i r C

alternatives to guide them toward designated gmals

SLADE et al.(2014)note that the future global availability of biomass cannot be measured
directly, but only modelled. The potential for biofuels as a viable energy sourceHBd G
emission reductions option often derives from agricultural and crop models linked (or not) to
energy system models. These com@ekwaret o o | s i n cphranteters whachn ngay
be uncertain, debatable or assumed for mathematicalod@®&eARCHINGERet al., 2015)

Such parameters includke totalarea set aside for protection, as well as global population
and diet scenarios, while land productivity is subject to technology scenarios, with increase
yield assumptionsplaying a pivotal role(SLADE et al.,, 2014) A case in point,

TAHERIPOUR et al. (2017) report significant improvements in the environmental

4jLUC is the process by which bioenergy indirectly causes land use change by displacing an established crop or
pasture, which then either moves onto native vegetatidisplaces another crop or pasture which does.
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performance of biofuels in the GTAP model from using updated data on land use
intensification potentialsin a review of the sources of uncertainty inesh models,
PRESTELEet al. (2016) report that assumptions for cropland input parameters are better
harmonized across models than those for livestock and forest, and that improqoglitye

and consistency of observational dasgdin these models cadiimprove their performance.

As pointed out by botAILMAN et al.(2009)and byROBERTSONet al.(2008) realworld

biofuel sustainability faces a trilemma of environmental, economic and social facets, so that
the increaseduse of biofuels may face tradéokuch as land degradation, deforestation and
higher food prices. However, the authors also indicate that this is not necessarily so in all
casesandibenef i ci al 0 or fAsustainabl eodo biofuels
till, precision agriclture, rotational diversity and use of abandoned lands can help deliver the
benefits while minimizing the tradeoffs. Nonetheless, undesirable impacts of biofuel
production at scale remaiand the true potential of bioenergyuscertain.Hence, models

andscenarios become central to the assessment of future bioenergy viability.

In terms of land competitiofSEARCHINGER et al. (2015) report agricultural and crop

model result§or the USAwheréi € 25 t o 50% of net caloriesédi
replaceée but i nstead come outopfi hdodatainmg f& edh
securityfrom increasd biofuel use. The authorsdicate three possible basic responses when
biofuels divertagricultural production away from food and feed, namely i) agtigal

expansion into virgin land, ii) increasing yields to produce the same amount of food from less
area, and iii) a drop in food consumption when the displaced food is not refiliarada

drop in demand due to higher prices e.Glgarly, options 1rad 3 areundesirable, and, while

option 2 is the most desirable response, it may lead to greater use of fertilizer and water,
increase GHG emissions, amagypropriatethe options to boost yields to meet risifagpd
demandsnstead Potential increases in Gklemissionss corroborated bIMELILLO (2009)

who nonetheless alsad ds t hat [potettiforestseand endowmage bist practices

from nitrogen fertilizer use can dramatically reduce emissions associated with biofuels

productiono

The outlook for jeld gains is also uncertain, and hotly debafBue current trend is for
agricultural aredo continue expanding to meet rising demand for agricultural ciopspite

of a sustained improvement in global aggregate yiegldAEEXANDRATOS AND
BRUINSMA, 2012) This is reflected in most agricultural model results. For example, within
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the recent SSP scenarios for land and agriculture show that, for the -ofididéeroad SSP2
scenarig considered as thgathway ofcontinuation of current trends, total agricuitutand
continues to expand to the end of the centdnyen by rising food deman@OPPet al.,

2017) Similarly, TILMAN et al. (2011) point out that,if current trends of agricultural
intensification in rich nations and agricultural land expansion ior pmationswere to
continue 1 billion hectares of natural land would need to be converted by @0&fly, this
scenario runs counter to the realization of the 2030 Agenda goal to halt biodiversity loss as
declared in SDGs 14 and (8ON STECHOWet al.,2016)

Avoiding further expansion of agricultural land without sacrificing food security requires
sustained yield improvements through the course of the next de@0e¥et al., 2017,
TILMAN et al., 2011)In a world following current socioeconomic andogolitical trends
(SSP2), meeting Paris Agreement objectives would require changatiems ofagricultural
production.In particular, model results indicate that cropland area for food and feed would
decrease, as would pasture area, while land dedictat growing energy crops would
increase significantly by 2100, to some 500 million hectares, even as crops and livestock
production peak in the second half of the cent(fPOPP et al., 2017) This implies
intensification of agriculture making room (spayiland) for bioenergy cultivationThis
scenario, however, may have impacts on food security due to higher food(p#dé&siK et

al., 2014)

Increasing yields requisanvestments, and although yield gaps show potential for average
yield improvements, #re are challenges involved. On the one hand, The United Nations
Food and Agriculture Organization (FAO) project annual yield increases for cereals on the
order of 1% on average between 2010 and 208EXANDRATOS AND BRUINSMA,

2012) On the other han@&LADE et al.(2014)report concerns about oveptimism in yield

i mpr ovement pr oj ect many of the @asyi gaibsi havg alreadyt been h a t
achieve®d , and that the practicality of <c¢closing
estimates sugest global food production needs to double by 2050 to meet growing food, feed
and bioenergy deman@OLEY et al., 2013 TILMAN et al., 2011)current trends in yield
improvement fall short of the 2.4% compounded annual growth rate required to reach that
goal (RAY et al., 2013)

The basic assumptiomavhichthe landsparingthroughintensification argument relies is
that, as yields increase, prices drop and the agricultural area detlhmesausality chain
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assumes that demand does not change iromespto falling prices. However, if demand is

elastic, prices will not fall and instead of abandoning land, farmers will have incentive to
expand production to increase their Il ncome.
Paradox whereby technologicatogress improves thefficiency with which a resource is

used but demand does not drop as a réAUECOTT, 2005)

On the other side of the debate is what is known as the Borlaug Hypothesis, nhamed after
Norman Borlaug, the scalled father of the GreeRevolution, which states that i) people
need to eat, iijhe amount of food available depends on cropland area and yield per hectare,
and iii) yield improvements reduces the amount for total land required for food production.
The hypothesiss most effectre for broad areas, and for prgelastic products, and

therefore, it is more applicable at global rather than country d0ARELL et al., 2013)

In any case,hte subject of land sparing through intensification is controversial and cannot be
universaly assumed. Rather, it is contedépendentVILLORIA et al.(2014)find that, on a
regional level, evidence on the links between technological progress and deforestation are
much weaker than generally accepted. On a global level, they find compositicts &ffée
important in lowyield, landabundant regions where further land expansion seems more
likely, on the one hand. On the other hand, {sparring from technological innovation
increase global supply ibugh international trade, thus reducing pressen natural lands
BYERLEE et al. (2014) make a distinction between technolegguced (more crop per
hectare)and markeinduced intensification(shifts in production patterns in response to
market conditions)finding that, while the formeris stronggnds avi ng, t he | att e
major cause of land expansion and deforestation especially for export commodities in times
of hi g hTheauthocsdustherdargue thathnologyinduced intensification by itself is
unlikely to halt deforestatiorrequiring strong governance of natural resources in addition.
This is corroborated byILMAN et al.(2009)who indicatedramatic improvements in policy

and technology are needed to realize the potential for sustainable biofuels.

2.5 Brazil: current trends
Braz | 6 s p os agticultoral poaverhowse has been consolidated in the past decade,
which saw exports from that country soar in valAeEXANDRATOS AND BRUINSMA,
2012) However, the economic gains of this expansion of agriculture has not been without
adwerse socioenvironmental impacts in the form of higher GHG emissions from agriculture
(MCTIC, 2016, concentration of land ownershifHUNSBERGER et al., 2014)and
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deforestation(SOARESFILHO et al., 2014) The following sections provide a literature
review of current trends in Brazil with respect to agriculture, land use, bioenergy production,

and emissionassociated with all these activities.

2.6 Brazilian emissions profile
Hi storically, Brazil s main source ohd emi ss

Forestry (LULUCF), mainly driven by emissions from deforestation, particularly in the
carbonrich Amazon biomeput also in other biomes, especially t@errada However, a
persistent decoupling of agricultural production from deforestation has beemnvedbs
recently, driven in large part by the intensification of agriculture and cattle ranching
(LAPOLA et al., 2013MACEDO et al., 2012), and by private actor initiatives such as the
Soy Moratorium NEPSTAD et al.,, 2009) that reduced pressure for expansib the
agricultural area. Because of thigfarestation has been drastically reduced since the peak in
Amazon deforestation in 2004, bringing LULUCF emissions to a level comparable to other
sectors of the economy. With that, Brazilian total emissioaggukin 2004 at around 3,000

Gt CO:eq andhave hovered between 1.2 and 1.5 Gt CO2eq since @a0gIC, 2014
OBSERVATORIO DO CLIMA 2018) In 2010, Brazilian emissions weraore evenly
divided into LULUCF, agriculture, and energy sectors, and by, 28gricultureand energy
emissions represented abd@8% and 22%, respectivelyof total Brazilian emissions, as
shown in Figure 2-1. This has focused attention on the role ofsthsectors in future
mitigation efforts n the country especially as it is hoped that deforestation will eventually
reach zero, or at least regro in the coming decades (although this is far from certain)
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GHG Emissions by Sectors in Brazil
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Figure 2-1 - Brazilian Emissions 19762014
Source: Author, based onOBSERVATORIO DO CLIMA (2018)

Given the high participation of AFOLU i n
mitigation potential has to consideontributions fromAFOLU sectors especially in light of

the fact that errgy sector mitigation scenarios identify bioenergy (and BECCS) as a major
contributor for mitigation efforts in Brazi(HERRERASMARTINEZ et al.,, 2015;
KOBERLE et al., 20151 UCENA et al., 2014) Continuing deforestatioto open areas for
bioenergy produadn would negate climate targets (and the NDC), so that any significant
bioenergy deployment must be weighed against other demands on land, in particular food
production and biodiversityThis integrated view has become the norm of late, since the
approvalin the United Nations plenary of the Agenda 2030 and the Sustainable Development
Goals (SDGs).

Thi s, in fact, is corroborated in Brazil s
UNFCCC (GofB, 2015b) which tellingly includes significant share ofeasures in the
AFOLU sectors Table 2-2). In addition, aspirational targets also include halting illegal
deforestation, improving forest management practices, and strengthening th@atioon
Agriculture Plan, the soalled Plano ABC (MAPA, 2012) This points to the fact that a
significant share of opportunities for decarbonization of the Brazilian economy lies within
AFOLU sectors.
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Table 2-2 - Summary of measures included in the Bratian NDC 1 Source: GofB (2015b)

Sector Target ltem Measure
Greenhouse All Sectors Absolute targets of:
Gases

1.3 GtCO2eq in 2025
1.2 GtCO2eq in 2030
(GWR100, AR5)

LULUCF Forestry Strengthen Forest Code
Zero illegal deforestation in Amazorbg 2030, with
sequestrations compensating for emissions from leg:
suppression of vegetation.
Enhancing sustainable forest management practice
Restoring and reforesting 12 million hectares of fores
by 2030

Energy Primary Energ) 45% renewables b030
Non-hydro renewables to 283% by 2030

Electrlcllty Non-hydro renewables at least 23% by 2030
generation
10% efficiency gains by 2030
Transportation Promote efficiency measures
Improve public transport infrastructure
Biofuels 18% biofués in primary energy mix by 2030
Industry Promote new standards of clean technology
Enhance efficiency measures and {oarbon
infrastructure
Agriculture Strengthen Low Carbon Agriculture plan (Plano AB(

Restore 15 million hectares of degradeaispures by 203(
Five million hectares of integrated croplafidestock
forestry systems by 2030

A unique feature of the Brazilian emissions profile is that the high share of emissions from
AFOLU mean there is alsmhigh share of noi€O, gases, in paicular CH and NO. This

has been especially the case since the reduction in deforestation rates lowegesai<sOns

from LULUCF (Figure2-2). The share of nei£O; gases in the Brazilian emissions profile

2010 exceeded 45%ccording ta h e ¢ o3udrOfficiay @osxmunication to the UNFCCC
(GofB, 2015a) the 3 Communicatiorhenceforth.The 39 Communicatiordoes not report
aggregate GHG emissions but usihg GWP100 metric to add up the three main gases CO
CHs and NO, 2010 emissions would be around 1.5 Gb&Figure2-2). As recommended

by the IPCQ(IPCC, 2006h) dfficial Brazilian inventories like th&® Communicatiorfollow

a mix of default and specific ensisn factors for the various processes covered, depending

on whether there is enough evidence to characterize a Tier 2 or 3 emission factqisee not
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Sectin 2.3.). As we shall seén Case Study ,2the choice of emission factoedfects the

inventoriesand can skew results of IAMSs.

Brazilian emissions profile
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Figure 2-2 - Brazilian emissions profile using GWP100
Source: built by the author with data from GofB (2015a)

2.6.1EXxisting scenarios and projections
Brazil is one of the G2 countries, and one of the top five GHG emitters in the world today.

Therefore, it is not surprising that the country appears often in assessments and projections of
climate change mitigation options) spite ofnot beingrepresented as a separate region
many of the most importarglobal IAMs (the country is lumped with the rest of Latin or
South American some of the modelsfror example, bthe main IPCC IAMs, IMAGE, AIM
and GCAM have Brazil aa separate region, while MESSAGE.OBIOM and REMIND
MagPIE embed it inLatin America as a supeegior’. These are thdive main models
involved in prominent global scenario exercises of environmental changk asin the
guantification of the SSknarker scenario§CALVIN et al., 2017;FRICKO et al., 2017,
FUJIMORI et al., 2017KRIEGLER et al., 2017RIAHI et al., 2017VAN VUUREN et al.,
2017) The I nternat i on(EA) gBbaleeneggy sysegnemnoael To dalso
lumps Brazil with Central and South America. On the other hand, the new COREE|
features Brazil as a separate regias do EPPA, IMACLIM, GEM-E3, POLESand
ADAGE. Some of these are computable general equilibrium (Q@&dels (AIM, EPPA,

5 For a centralized location of model documentation, the reader is referred to the ADVANCE project wiki at
http://themasites.pbl.nl/models/advance/index.php/ADVANCE_ wiki

8 TIMES Integrated Assessment Modebulou, 2008; Loulou and Labriet, 2008eehttps://iea
etsap.org/index.php/documentation

7" COPPE Framework for Energy and Environm@chedo, 2016)

8 Emissions Prediction and Policy Analysis Mo(Raltsev et al., 2005)
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GEM-E3, IMACLIM), some are energy system modeMESSAGE, REMIND, TIAM,
POLES), and others are hmise models (ADAGE, GLOBIOM, MagPIE$ome combine to

form integrated modelling frameworks allowing for the analysis of the economy, energy and
land use system concurrentiMAGE, MESSAGEGLOBIOM, REMIND-MagPIE).

Several of these models have been inwblire mult-model intercomparison exercises that
have included Brazil. The LAMELIMACAP (VAN DER ZWAAN et al., 2014)exercise
looked at Latin America as a whole, but in which Brazil featured prominé@fy.VIN et

al., 2014;KOBER et al., 2014) Global malels that participated in LAMELIMACAP

include GCAM, EPPA, TIAMWorld and ADAGE.Results showed that, although Brazil has

a relatively lowcarbon energy system today, as the available hydropower potential saturates,
coakfired Rankine cycle plants becortie marginal lowestost power plant post 2030 under

no climate policy scenarios. When faced witbrige oncarbonemissionscoal is replaced by
renewables (especially onshore wind) and biomass with and without carbon capture and

storage with sugarcanéaturing as the main bioenergy feedstlddCENA et al., 2014)

As for AFOLU sectorsCALVIN et al.(2014)report results from ADAGE, EPPA, GCAM

and TIAM-World, revealing differences in future GHG emissions from AFOLU across
models which are driven lariyeby differences in the amount of cropland expansion needed
to meet agricultural demandlodels with more cropland expansion have higher -lasel
change C@emissions. Mitigation options of the models play an important role in explaining
the differencesFor example, including afforestation as an option results in significant
emissions reductions. Although the paper mentions links to bioenergy deployment in the

model results, no explanation is offered on how these links may drive AFOLU emissions.

VAN DER ZWAAN et al.(2014)report energy system results for th@MP-CLIMACAP

project. Model results project increasing shares of foarbon energy production, especially

in the power sector. BECCS plays a large role, but no link is made to the effects this may
have in the AFOLU sector© CTAVIANO et al.(2014)report results from the EPPA model
indicating that Brazil could meet its Copenhagen and Cancun pledges to the UNFCCC
largely through curbing deforestation, at a relatively small overall cost, and that the
agriculture sector is responsible for the largest share of emissions. Hence, policies targeting
only the energy sector will miss on a significant portion of mitigation potential in the country.
GURGEL AND PALTSEV (2014) showed thatand-use policies in Brak affect the total
economic cost of energy policies, indicating that interlinkages exist between the sectors.
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Although Brazil is represented as a stahohe region irsomeof these models, the global

natureof the modelsimplies stylized representation$ Brazilian realities, which miss some

important details unique to the country For exampl e, Brazil s di ve
national regions means there are different costs involved for the same activity in different
regions, tending to be morgpmensive in the lesdeveloped NortiNortheast than in the more
developed CentéBouth region especially for largescale infrastructure projects
(FRISCHTAK, 2016) Global models use average values for input parameters that generally
overlook these differeces.Therefore, theractice ofconcurrent use of national and global

models in intercomparison exercises has been growing in the last few years

Results from te aforementioned LAMP-CLIMACAP for the energy sectorwere
corroborated by another muhiodelcomparison exercistHHERRERASMARTINEZ et al.,
2015) that featuredhe global modeldMAGE and AIM-Enduse This exercise, as well as
LAMP-CLIMACAP, featured the national modMESSAGEBrazil (BORBA et al., 2012;
LUCENA et al., 2009NOGUEIRA et al., 2014)Results differed between the models, with
IMAGE and MESSAGEBrazil showing sustained use of biomass in the baseline, while AIM
showed a decline. In climate policy scenarios, all three models @djdeployment of
BECCSto deliver emissions abatement.

BORBA et al.(2012)used MESSAGHrazil to explore how a fleet of pluig hybrid electric
vehicles (PHEVxould absorb part of the curtailed wind energy in the Northeastern region of
Brazil. Another series of articles used that model to explore the vuilitgrab climate
change of renewable eneryUCENA et al., 20093)wind power generatio(LUCENA et
al., 2010)and potential adaptation options for hydropoW8dCENA et al., 2010)In turn,
(NOGUEIRA et al., 2014)used MESSAGHrazil to explore the potdial for coalfired

generation with CCS in Brazil.

However, MESSAGHBrazil was limited in a few ways. First, the spatial disaggregation was
limited only to the electricity system, while all other sectors were aggregated nationally.
Temporal resolution wagmited to seasonal variation over five time slices, which precluded

a more detailed representation of load curves for power generation. In addition, energy
efficiency was exogenous, meaning demand for energy services did not react to higher energy

costs(LUCENA et al., 2014)Finally, the model was a purely energy system model, meaning

91n addition to the LAMPCLIMACAP project, see for example the ongoing-CINKS project
(http://www.cdlinks.org).
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land was not included at all, making it difficult to assess land demand of scenarios with high

bioenergy deployment.

In order to improve the spatial, temporal and technoldgiepresentation of energy supply
and demandROCHEDOet al.(2015b)developed the COPPESB model which included
five geographical regions and 288 time slicEmergy demand was endogenized as were
efficiency measures. An early version of this model wsesd to assess the Brazilian INDC
(KOBERLE et al., 2015)while another version was used to explore mitigation options for
Brazil (SZKLO et al., 2017)

SZKLO et al. (2017)involved iterations between a computable general equilibrium (CGE)
model, a gridde agricultural and land use model and the CORFIB energy systemmodel.
Because these models were i) housed in different institutions, and ii) have very different
architectures, it was difficult to study the interlinkages between them. In partidalkar,
exchangesbetween land use and bioenergy were limited to one iteration of bioenergy
deployment in COPRISB and land use in OTIMIZAGROBecause of the significant
potential for bioenergy deployment in Brazil, such interlinkages have significant outaomes i
the future of Brazilian energy, land use and climate developménitscould be achieved via

a framework allowing direct linkages between sectoral models.

2.6.2GHG mitigation potential of Brazilian agriculture
There are several studies targeting spedimensions of the climate mitigation challenge in

Brazil, or specific sectors. The AFOLU sectors have been a target of many studies, with
particular interest being placed on the livestock sector and biofuel produatidnron the
synergies between themo start,there has been ongoing reductions in total pasture area in
Brazil through gradual intensification of livestock production (IBGE, 2007). HARFUCH et

al. (2016) report a total reduction of 4.1 million hectares sirf8¥6 butadd that pressures

from increasing demand for agricultural products means these pastures have been displaced

by crop production.

LAPOLA et al.(2010)warn that although increased biofuels production would directly lead

to only modest increases in land use emissions in Bragiinthrect land use change (iLUC)

from increasing biofuels production would push the rangeland frontier into the Amazon,
where the resulting deforestation would create a carbon debt that would take 250 years to pay
back. On the other hand, the authors aégmort that, should a modest increase occur in the

stocking rate of bovine herds on Brazilian pastures, there would be enough land sparing to
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avoid the iILUC from biofuelsThis is in line withSTRASSBURGet al. (2014)who report
model results indicating fzilian pastures are operating well below their carrying cag&city
and sustainably improving the stocking rate on the worst cases would free up enough land
meet projected demand fdood and bioenergythrough 2040 This is corroborated by
HARFUCH et &(2016) whoalsoreport that cattle intensification is an economically viable

activity even at minimum scale.

ASSAD et al. (2015) examined the potential for livestock intensification through degraded
pasture recuperation and found the opportunity to estqu between 1 and 1.5 tC/ha for 10
years on some 60 million hectares of degraded pastures in Bitagienormous potential for
intensification is evident in thieow-Carbon Agriculture Plgror Plano ABCfor its acronym

in PortugueséMAPA, 2012) which has 83 to 104 MtCgeq of its total of 133.9 to 162.9
MtCO.eq (about 63%)of mitigation coming from the recuperation of degraded pastures.
Another 18 to 22 MtCeeq of mitigation are targeted to come from implementation of-crop
livestockforestry integratedsystems Thesesystans show great potential budre off to a
slow startin implementatiof(GASPARINI et al., 2017; @ et al., 2015)although there are
signs of a recent uptick in adoptiMBRAPA, 2016)

Pasture degradat i on ivedossdfenatural eigor, praductivity@and i p r o ¢
recovering capacityo demande {DIAS¥ILHOh2011)ani ma l
More than half of Brazil's pastures are in a state of degradation deemed advanced, and
recuperation could lead to significantrease in herd productivity by reducing average age at
slaughter and lifetime enteric emissions along with it, and by increasing soil carbon stocks
(ASSAD et al., 2015;DIAS-FILHO, 2011). STRASSBURGet al (2014) estimate that
improving productivity of Brailian pastures could spare enough land to meet projected

demands of crops and biofuels through 2040.

The Brazilian bovine herdonsists ofabout 220 million heads of cattle on about 225 million
hectares of landIBGE, 2017a) which translates to about Head per hectareA 10%
improvement in the average stocking rate to 1.1 head per hectare could mean the sparing of
about 20 million hectares of land. This is equivalent to about 1/3 of total planted area in
Brazil today(IBGE, 2017a) and it could be usefdr agriculture or afforestatiolMSSAD et

al (2015) estimate thabme 40 millionrheadsggraze on about 50 million hectares of degraded

®The paper defines carrying ¢
which is consistentwitma i nt ai ni ng t he pas
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pastures, implying a stocking rate of less than 0.75 head per hé&l@ivally, COHN et al.
(2014)andHAVLIK et al.(2014)also find the intensification of livestock production could

be a significant option for GHG emissions mitigation.

Degraded pasture recuperation mseadeavor that demands mechanization for activities such
as soil preparation, sowing and fertilizati@md it requires capital investments and improved
pasture management capacity, and sometimes even supplementary irrigiss-(LHO,
2014;SMITH et al., 2007STRASSBURCet al., 2014).

Mechanization implies higher energy demand, mainly for diesel,addmg about 10
machinehours per hectaref recovered pasturddNUALPEC, 2013). In addition, irrigation
drives up demand for electricity (EPE, 2014), and fertilization increas€s dxissions
(SMITH et al., 2007)This means thabHG emissions fronthesesourcesncrease as a result

of the recuperation of degraded pastuf@s the other hand, healthy pastures provide better
guality forage that can reduceethaneemissions from enteric fermentatioBMITH et al.,
2007) while retaining more soil organic @am (SOC) ASSAD et al., 2015DIAS-FILHO,
2011) Although ariculturerepresentgust 4% of primary energy consumption in Brazitle
ongoing expansion and modernization of the sector has ragemllturalenergydemand
especiallydieselwhich isrough 'y 58 % of t he sectamebtly(ERENer gy
2017).

Summarizing, the intensification of agricultural practices in Brazil (especially livestock
production) can mitigate AFOLU emissions the one hand, but on the other raise GHG
emissions fromhigher energy consumption and fertilizer use. In modelled scenarios, the
balance of these mutualbancelling outcomes is decided based on cost minimization or
economic surplus maximization, depending on the model. However, several model
architectures doat confront these measures directly, since they are usually represented in
distinct model components, sometimes with different optimization criteria. -lidaidg

energy system and land use models would allow for such a direct comparison in an integrated
assessment. Recognizing that there are advantages and disadvantages to this hard linking, this
thesis presents a modelling framework that does this by introducing a land use and agriculture
module into an energy system model in the context of Brazil inramexamine the
synergies and tradeffs embedded in GHG emissions abatement through the use of
bioenergy and lantased mitigation measures. The next chapter describes the methods used
to develop the new model
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3. Methods
As mentioned before, one of therai of this thesis is to develop a set of mathematical tools

that allow the examination of the interactions between the energy sector and the AFOLU
sectors, namely land use and agriculture, in future climate mitigation scenarios for Brazil.
Although severabppropriate tools exist, they are built using very different architectures so
that their interactions are not straight forward. For example, energy models that work on
leastcost optimization do not easily link to land use models that seek to maximizencen

and producer surplus or allocate crops on suitability criteria; or spatial resolution of the
different models do not match. In general, the driving force behind the creation of land use
and agricultural models is quite different than those behinstieartion of energy models, so

at the very least, inputs and outputs need to be harmonized in order for joint optimization to
occur. This is not always trivial, and requires significant effort and time, not to mention

computational power.

The focus of thepresent analysis is decarbonization of the energy system, and hew low
carbon technology deployment at scale impacts agriculture and land use in Brazil, especially
through production of bioenergy. Thus, we start with an existing ersgigigm model and,

using its native architecture, implement a detailed representation of agriculture and land use
in order to ensure a hard link between the energy and land use modules, allowing for joint
optimization of the technological alternatives. Such an endeavor hasdreexn out before

by ROCHEDO (2016) and the methods used here are similar and analogous. However,
whereas that effort was done for a global model, this one is done for a national model. This
imposes somewhat different constraints and requirementshéujeineral approach is the
same. One particular difference is that, this being a national model, a higher resolution is
possible, with more detailed representation of the processes that exist in the country, as well

as their regional differences.

This chaper starts by describing the modelling platform used (namely the MESSAGE model
builder), the existing energy system model (CORIPEB), and then the steps followed to
introduce agriculture and land use to create the BLUES model, as well as the inpuedata us
and adopted assumptions.

3.1.The MESSAGE modelling platform
MESSAGE is a mixed integer, perfect foresight optimization model platform, designed to

evaluate alternative strategies of energy supply development to meet a given demand,
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whether itbe exogenousraendogenous. It igartof theintegrated assessment models (IAMs)
family and combine techn@conomic and environmental variables to generateamishal
solutions This solutionminimizes the total cost of expamon and operation ahe energy
systemover the entire time horizon of interest, whileeeing projected energy service
demands,and subject to constraintthat represent reaborld restrictionsimposed onthe
variables ivolved'!. Theobjective function of the linear programming problenexpresed
below (Eq. 1).

O (R * CE)): (P x CIj)¢ + (E; * COM;),
minZ = Z L (1 + ) Z 1+ &0 (1)

Subject to
PMiR < pL< PMAX (i =1,..,n)

EM" < EL< EP*  (i=1,..,n)

Eiﬁpi*FCL' (121,,n)

Wherek is the period of analysisn the quantity of available resourcesthe total number of
available technologieg is thediscount rateR is energy extraction of resourgen yeark;
CEthe unit cost of extraction of resource j in yeaPks installed capacity of technologyn
yeark; Cl is the unit investment cost of technology yeark; E is the energy produced by
technobgy i in yeark; COM the cost of operation and management of techndlagyeark;

D is the final demand for energy carrlén yeark; a the quantity of energy carriers used; and

FC is the capacity fetor of technology in yeark.

11 These restrictions may includenter alia, resource and infrastructure availability, importoptions
environmental restrictions and regulations, investment limits, availability and price of fuels, and market
penetation rates for new technologies
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An interesthg aspect of a systems model such as MESSAGE is that it optimizes the whole
energy system in question by minimizing total system cost subject to constraints, which may
be different than the optimal leasbst solution for any of the individual sslectorgindustry

e. g.) ma k i n g Iltuspsuch b éatusey after elm whickii makes MESSAGE an
integrated analysis model, able to identify the indirect effects of the restrictions set forth in
one sector over othedss(ROCHEDQ 2016) This is precisely whathis thesis aims to
examine: the indirect effects of decisions in the energy sector on the agriculture and land use
sectors.

The MESSAGE framework uses two basic building blocks to represent the energy system:
commodity flowsandtechnological processekat transform the commodities at a given cost
and conversion efficiency. Representation of the technological processes (technologies
henceforth) involves a set of parameters that define how the technology works and how much
it costs. These parameters umb¢ capital and operation and maintenance (O&M) costs;
construction timesand plant lifetimes; their input and output commodities, as well as
auxiliary or secondary inputs and outputs; minimum utilization factors, and activity factors
tied to the activityof a technology, such as emission factors and intermittency constraints.
The conversion efficiency of a given technology is subject to i) the thermodynamic efficiency
of the conversion process being modelled, and ii) physical mass balances. The conversion
efficiency parameter is defined by the user to reflect what is commercially available in the
real world, with the option to improve over time following technological learning
(JUNGINGERZet al., 2010) Similarly, costs may decrease over time following aniea
curve(ARROW, 1962) usually set exogenously.

3.2.Challenges in implementing land use in the MESSAGE platform

An agriculture and land use module was created using the architecture of the MESSAGE
framework to represent technological processes and cortynfldws such as land
conversion, crop and livestock production, and processing of raw commodities into final
products (e.g. wood into charcoal or solid biomass). In addition, technologies that transform
energy crops such as sugarcane or woody biomasgrimary bioenergy feedstocks were
introduced that represent the transaction costs and capacity constraints of collecting,
transporting and processing of the feedstock commodity before it can be used in the
conversion process. Several decisions were madetahow to best represent Brazilian

agriculture and land use systems in a format compatible with the MESSAGE framework.
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The MESSAGE platform was designed to suit energy systems modelling through a suite of
commodities that can be transformed into eaclkrotia processes (sometimes referred to as
technologies), at a certain cost and with a certain efficiency, subject to constraints (Section
2.1). The number of commodities and processes, as well as constraints, is determined by the
user, who also needs taoopide cost and efficiency parameters, as well as bounds (upper,
lower or fixed) for the constraints. In short, the energy system is modelled as interlinked
flows and stocks of commodities, and capacity and activity of processes. Process efficiency is
given by the input to output ratio of the input and outpanmodities. Costs are implemented

as capital investment costsapey and operation and maintenance costs (O&M), which can

be either fixedfom) or variable yYom costs associated with the operatidragrocess. Thus,

the costs of commodities are introduced into the model via the operation costs of the
processes needed to generate a unit of a given commodity. In fact, a commodity has no
intrinsic price or cost associated with it but is linked to t&t of producing it. For example,

at the resource level, oil in the ground has no cost until it is extracted by processes with costs
and efficiencies to become crude oil at the primary level, which will already have a price or
cost associated with its eattion. This is analogous to the price formation of commodities in

the real world.

This setup is ubiquitous in energy systems modelling and is common to the majority of cost
optimization models that constitute the energy module of most integrated asdassmiels

(IAMs). Although suitable for modelling energy, this framework does not lend itself easily to
land use modelling where land is a fixed asset that cannot be moved, and whose stock is
constant (that is, land is always land and its amount is copskdoteover, land has many

uses, and how land is used can change from one time period to the next, but the sum of the
areas of all the land uses in a given region must equal the total existing land at every time
step of the model. This is a constraint tdaes not have an obvious counterpart in energy
systems, so energy system models are not equipped to deal with such al¢alraddiglition,

there is a strong spatial component to land value (and thus, cost) given by soil and climate
(edaphoclimatic) contions and distance to markets. These are highly local in nature,

whereas energy commodities are the same everywhere. Although wind and solar energy do

12 Although total system energy conservation is a law of thermodynamics, most of the energy content of energy
carriers is lost as waste heat, which is not fully tracked in energy systems modelling. This energy conservation
only occurs for isolated systems. Although tie.dw of Thermodynamics imposes total energy conservation in
conversion processes, this conservation is maintained even through the degradation of the quality of energy
(entropy) and its ability to do worR{ Law of Thermodynamics). This is the case for the system itself in case

of isolated systems, or in the totality of systeanmroundings for open systems.
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have spatial variability, it is usually modelled as a-spatial resource in energy systems
modelling fameworky GERNAAT, 2011;KOBERLE, 2013)

Therefore, modelling land use in MESSAGE endogenously involves pushing the architecture
in ways it was not meant to. The methodology follows that used®@@HEDO (2016) in

which the base year distribution of lacadver types (agriculture, forests, etc) are taken as the
initial state, and allowed to change in order to accommodate evolving requirements of land
area to meet demand for agricultural products. The next chapter describes the methodology
developed to créa a land use module fitted into an energy systems model built in the
MESSAGE platform.

The base year state of the land cover in Brazil is described by an initial land use map, the
elaboration of which is described in Secti®3.2 But first, we take a lok at the existing

energy system model which will form the basis for BLUES, namely the COWSFEEmodel.

3.3.The BLUES model

This thesis encompasses two main types of activities, namely:

1. Model development, and
2. Model application through scenarios analysis

Underactivity 1, the work involved further developing an existing energy systems model by
adding to it a land use and agriculture module Hiafckd to the energy sectors in order to
study the linkages between climate change mitigation, bioenergy deployntetananuse
change (LUC) in Brazil to 2050. The existing energy system model used as the starting point
is the COPPEMSB model, and it is described in the next section. The following sections
then describe the actual development of the new land use amdl@ge module, the
methodological steps followed, arlde data used and how it was implemented. Then, the

next chapter applies the new model in two demonstrative case studies.

3.3.1. The COPPEMSB energy systems model
COPPEMSB (KOBERLE et al., 2015PORTUGAL-PEREIRA et al.2016; ROCHEDOet

al. 2015)is a development and expansion of the MESSAL&zil model developed by the
Cenergia lab at COPPE/UFRBORBA et al., 2012;LUCENA et al., 2009 HERRERAS
MARTINEZ et al., 2015;LUCENA et al.,, 2015;NOGUEIRA et al., D14) Techno
economic parameters that form the input deck of COMBB were derived from various
sources(KOBERLE et al., 2015NOGUEIRA et al., 2014PORTUGAL-PEREIRA et al.,
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2016;SORIA et al., 2015)Techneeconomic input parameters of IAMs in geneeadd also

of COPPEMSB, include specific investment costs (CAPEX, in US$/kW), construction times
(years), conversion efficiency (%), and any technical or economic specifications that may be
required to appropriately model the performance of an energy tegynpnvestment and

O&M costs, minimum utilization time, inputs and outputs, auxiliary inputs and secondary

outputs among others).
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Figure 3-1 - Geographic division of Brazil in BLUES
Source:SZKLO et al (2017)

COPPEMSB divides Brazil into five subregiondNérth, Northeast SoutheastSouthand

Mid-Wesj that are nested into a manasil region through which international imports and
exports flow Figure 3-1). Als o , Brazil s industri al sector
subregions, but rather modelled as a national sector within the main region. The same goes
for the services and the waste treatment sectors. The five subregions have their own processes
portfolio and new capacity is installed into each subregion separately. The main commodities
flow across subregions via bilateral import/export processes. Each subregion also has its own
electricity load curve as well as hydro, wind and solar potential curvbe aaime resolution,

namely 12 representative days (one for each month) divided into 24 representativéhmurs.
temporal profile of intermittent sources in CORMIEB model is controlled by a maximum

bound of 25% of the total electricity generation, a ltagien by operation (dispatch) models
(MALAGUETA et al., 2013MALAGUETA et al., 2014SORIAet al., 2016 MIRANDA et

al., 201%. An earlier version of COPPESB was al so wused to supc¢g
submitted in 2015GofB, 2015b) and to generate thenergy projections ir6ZKLO et al.

(2017)
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A generic representation of a process in CORFIB and a sample of the energy system

structure in COPPBISB are shown ifrigure3-2.
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Figure 3-27 Generic representation of a process in COPRIMSB (top) and sample of the structure of the
COPPE-MSB model

Source:SZKLO et al. (2017)
Final use in COPPIMSB (and BLUES as well) is defined in terms of energy service. The
termerfigegn serviceo here foll &L 21 eEndgy f i ni t i
services are those functions performed using energy which are means to obtain or facilitate
desired end services or states So f i nal use is definiemdgd n t e
instead of Ak Wh of el ectricityo or AMbtu of
passengekilometers (pkm) or tofkilometers (tkm). These services are provided by end use
processes such as cars, airplanes, light bulbs or stoves for exeagbleyith several options
of varying costs and efficiencies that the model chooses to minimize total system cost
according to the objective of the scenario it is solving. Theseusedprocesses
(technologies) take as input energy carriers at the finabggnevel such as gasoline, diesel,

kerosene (jetfuel), electricity, natural gas, LPG, firewood, charcoal.

These final energy carriers, in turn, are products of processes that take primary and or

secondary energy commodities, such as refineries, poweatspknd distilleries. The
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exception is rooftop solar photovoltaics (PV), the only technology delivering electricity
directly to end users as final energy, and firewood which is also used in its primary state.
Finally, primary energy commodities must be ragted from their natural state by
technologies that mine a resource such as biomass, coal, crude oil, natural gas, uranium, as
well as wind, solar and hydraulic power. Secondary energy denotes an intermediate level in
which primary commodities have beeartsformed from their raw, natural state, but are not

yet ready for final use, be it because it needs to undergo further transformation or to be
distributed to where the end users are located.

Commodities and processes in the bioenergy chain, from primanyass to final wood,
charcoal or biofuels, are the link between the energy system and the land use and agricultural
systems. First generation ethanol can be made from any sugary feedstock, and in Brazil
sugarcane is the main crop. Although there is @nfyilot plant making second generation
ethanol in Brazil today, cost reductions and efficiency improvements are expected to make
lignocellulosic ethanol an important bioenergy carrier in the fu{&S et al., 2014)
Conversely, sugarcane provides bdth juice from which ¥ gen ethanol is distilled as well

as bagasse, which can be either burned to drive steam turbines to make bioelectricity or used
as feedstock for "™ gereration ethanol production. On the other hand, high yield

lignocellulosic cropswsch as elephant grass may compete quite well with sugarcane.

COPPEMSB decides which technology to deploy based on final cost of the system, so that
the whole production chain of the fuel is taken into account, as well as emissions in case there
is an enssions price or constraint implemented into a scenario being analyzed. Hence the
drive to include the complete bioenergy chain going back to the agricultural crop production
of the primary feedstock. Moreover, although direct energy use by agricultumalis dess

than 4% in Brazi[EPE, 2015) inputs into crop and livestock production have high levels of
embedded energy. In fact, globally some 30% of energy use and 20% of emissions can be
tied to agricultural production when the whole production clmitake into accountFAO,

2011) Therefore, it is important to model energy demand explicitly in order to correctly
account for ramifications of increased agricultural production on other sectors, especially the

chemical industry producing fertilizers fro(mostly) natural gas.

3.3.1.1. Bioenergy in COPPEMSB
Because bioenergy use in Brazil is dominated by sugarcane prq@RiEs 2016) the
COPPEMSB model represents the sugarcane chain in considerable detail. It includes explicit
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representations of several spiocesses that form the chain from the production of the
sugarcane to the utilization of its products. These include sugarcane crushing; bagasse
burning to produce steam for combined heat and power (CHP) plants; stigarg 2¢
generation ethanol, and lelectricity production, and carbon capture and storage. The
parameters that form the numerical basis of these products is taken from literature as will be

described next.

Production of sugarcane is modelled as an aggregated operation at a given yietgtand
reflecting average Brazilian values in 2010 and evolving at a fixed rate to mimic autonomous
efficiency improvements, at various stylized costs to represent a stegpuppdy curve. This

is precisely the process which is expanded and more accuratdBiled as explained in the

rest of this chapter. The 2010 base year vyield is set to 74.3 t/ha and grows by an average
annual rate of 3% to reach 96.7 t/ha in 2050. Up to 445 Mt can be produced at US$20/t, with
additional production possible at US$30, 4S$ US$60 and US$100 per ton. This
agricultural production part of the model was completely replaced by the methodology
explained in this chapter, so the details of the old COMBB implementation of
agricultural production will not be further describddowever, from the crushing of the
sugarcane forward, the new model kept the COREB structure so a description is

warranted next.

Following production, the sugarcane is crushed in a process requiring 16 kwWh per ton of cane
as reported b¥ENSINAS et al.(2007) which produces sugarcane juice, bagasse and straw in

a proportion of 0.4 ton of juice, 0.3 ton of bagasse and 0.3 ton of straw per ton of cane. Each
of these intermediary products undergoes further processing to deliver sugar, ethanol and
bioelectrtity. First generation ethanol is produced from juice via fermentation and distillation
to produce hydrated ethanol as describe@R$INASet al.(2007) The stanehlone ethanol
distillery process has a fixed yield of 4572 GJ of hydrated ethanol pef joiced (11431 GJ

per ton of cane). The combined sugénanol facilities can operate on sugar or ethanol
campaigns, at 25/75 shares of each.

Hydrated ethanol can also be produced via hydrolysis of bagasse, at a yield of 149.3 liters of
hydrated ethanolgy ton of bagasse as in a process describafAyTER AND ENSINAS
(2010) Hydrated ethanol is then further distilled to anhydrous ethanol which can happen via

two processes, namely azeotropic cyclohexane distillation or molecular sieves.
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The sugarcane ingtry is a net producer of energy, and it powers its processes by burning
bagasse in CHP plants that produce both steam and electricity, with excess electricity
exported to the grid. The steam is used to power the processes within the sugar mill and/or
ethanol distillery. There are two CHP options for the production of steam and electricity, one
with a backpressure turbine and one with extraction condensation turbineperating with
condensation pressure at 0.085 bar pressure. In addition, steam cée glsperated via
bagasse gasification which feeds a gas turbine for electricity generation, with exhaust gases
used for steam generation in a HRSG operating at 2.5 bar of préENGNAS et al.,

2007)

To see a stylized structure of the sugarcane cteenFigureA-1 in the appendix. Note that
the figure shows not only the ethanol production chain from CEG®8B, but also the land
use and agriculture elements that were added to build BLUES, as described in the following

sections.

In addition to ethanolpiodiesel can be produced from fatty acids via transesterification
(FAME) for 1% generation biodiesel. For advanced biofuel routes, both biodiesel and
biokerosene can be produced through Fisdmepsch or biomass-liquids routes
(TAGOMORI, 2017) Biokerosene can also be produced via an aletth@tfuel (ATJ) route

that uses ethanol as its input and produces both biokerosene along with a smaller share of
biodiesel as a bproduct(DE JONGet al., 2015)

3.3.1.2. CCSin COPPEMSB
Besides lowcarbon energy soues like hydro, wind, solar and nuclear power, CORFEB
also boasts a detailed suite of carbon capture and storage (CCS) technologies that can be
deployed to achieve lowmission pathways. There are capture technologies in fossil and
biomass combustion, ddiquids production and industrial processes.

CCS in fossil fuel use for energy supply has options in power generation, including-in coal
and natural gaBred power generation. Industrial processes that havgedagture options
include associated gasngction in presalt oil fields and select processes in transformation

industries.

There are BECCS options as both pamtibustion capture in bioelectricity production (from
bagasse and biomass), and as processc@@ure in theproductionof biofuels (Iquids)
production. Ths includes CQcapture in the fermentation phase of ethanol, artllamass
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to-liquids (BTL) diesel and kerosene roytesFischefTropsch synthesis route in which the
CO/H; ratio of the syngas needs to be adjusted and the compi@€sead easily extracted
(TAGOMORY, 2017)

The captured carbon has to be transported and stored, with both processes explicitly modelled
in COPPEMSB, with investment costs per kilometer based on average lengths. Carbon
pipelines are modelled as intrand inter-regional, with intraregional pipelines averaging

200 km in length and inteegional pipelines averaging 1000 km in length. Transported CO

is injected into geological structures that include-aalter and freshwater aquifers and
depleted oil and &g fields, the latter allowing for enhanced oil recovery (EOR) practices that
make it a potentially lucrative process. Costs and capacity efnj@otion and storage follow
(MERSCHMANN et al., 2016 NOGUEIRAet al., 2006 ROCHEDOet al., 2016)

3.3.1.3. New additons to COPPEMSB
The BLUES model builds on the COPRESB model by adding a land use and agriculture
module and coupling it to the energy system model via bioenergy feedstocks such as
sugarcane for ethanol and bioelectricity, soybeans and animal fatsiodiedel, and
lignocellulosic material for bioelectricity"2generation ethanol or biomassliquids (BTL)
diesel and biokerosene. In additiansuite of advanced biofuel technologies not present in
previous versions were also introduced to betteresst the bioenergy chain. These include
an alcohotto-jet (ATJ) route(CARVALHO et al., 2016 DE JONGet al., 2015)mplemented
as an adabn unit to existing ethanol distilleries (ATJ repurposa)d the possibility to use
biodiesel in bunker fuels for giping in blends up to 20% by volume. In addition, the cost
assumptions on electric vehicles have been updated to reflect recent develqBNE&ks
2017) following a cost curve that delivers cost parity with conventional vehicles by 2040.
Another importat biofuel production route that features prominently in the results of this
study is biomas$o-liquids diesel (BTkdiesel) production with and without CCS. This is a
FischerTropsch synthesis route in which the C@fitio of the syngas needs to be at§ds
and the compressed @ easily extracteTAGOMORI, 2017)

3.3.2. Land use and agriculture in BLUES
Modelling the land use sector involves two basic sets of data, namely

i) those representing the current state of land use in Brazil, and

i) conversion processé#sat transform land in one state into another state.
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The latter is governed mainly by dynamics in the agricultural sector involving crop and
livestock production, the main drivers behind land demand, and will be desiriBedtion

3.3.25. We turn now @ the discussion of the former, which is comprised of maps and
datasets on current land use such as agricultural zones, protected areas, urban areas, water
bodies, and so on. In addition, there need to be maps and datasets that provide the amount and
locaton of certain parameters that may be of interest to the analysis, such as above and below
ground biomass of standing land use classes (forests, e.g.), soil organic carbon (SOC) content
of the various soils in Brazil, distance to cities and suitability snapo f di fferent
growing potential. The information contained in these will be needed to detantenalia

the GHG emissions from deforestation, forestry residues, length of growing seasons, potential

yields of various crops, and the cost of brmgggoods to market.

BLUES includes land use in its modelling, and therefore can be called a land use model.
However, it is not a gridded agricultural model including-ggmphysical modelling of the

crops and their edaphoclimatic determinants of proditgtiRather, BLUES values of
parameters for costs and productivity are exogenously defined. Moreover, a full assessment
of agricultural potentials is not the point here, neither is the assessment of impacts of land
policy on landspecific variables such &snd tenure, for example. The main objective of the
BLUES land use module is to support efforts to study the interlinkages between bioenergy
use in climate mitigation scenarios and the resulting implications for land use and agriculture
which, in turn, mg expand or constrain choices for bioenergy technology deployment in the
model. The lad use module does this by providing a portfolio of bioenergy feedstocks that are

then transformed into energy carriers by conversion technologies.

Model preference forrme or another bioenergy feedstock is governed by levelized cost of
energy (LCOE) of the output commodities of the conversion technologies. The final cost of
production of the energy carrier that is eventually used in the energy system is what
determines ibne feedstock is preferred over another. For example, agricultural residues may
be less costly than sugarcane, but the collection of this dispersed resource coupled with the
high cost of transforming it into a biofuel means that, per unit of energy iV the

whole chain, producing biofuels from sugarcane may still be a less expensive option than
using residues. Hence the importance of having a good representation of the agricultural
system that prouces the feedstocks for bioenergy production. €murdry like Brazi] an
exporter of agricultural commodities and home to important remnants of undisturbed natural

lands and biodiversityGHG mitigation scenarios that rely too heavily on bioenergy may be
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solving the climate problem by creating other eowmental issues. Intensification of
agricultural practices is often expected to spare land for afforestation and/or bioenergy
production. This is not without challenges though, and the dynamics at play were explored in
Chapter2 by way of theBorlaugHypat hesi s ver sus JevonsO Parado

Since the ultimate goal of applying BLUES is to study energy and climate change under
constraints from land use and agriculture, it makes sense that only the variables that influence
those results should be included tiee modelling framework. For that reason, the only
agricultural commodities that need to be modelled explicitly are either those that i) serve as
feedstocks for bioenergy production, or ii) have a high impact on land use and thus on prices
of agriculturalcommodities in general. Thus, the broad range of products from Brazilian
agriculture can be reduced to a few specific crops, plus a few aggregated product categories.
This reduces data requirements and computational time. In addition, auxiliary vattiables
enable the land use transitions and production of agricultural commodities also need to be
modelled. These include diesel and fertilizer use, as well as GHG emissions resulting from all

the processes discussed so far.

Likewise, the types of land covdforests, croplands etc) can also be reduced to a few
representative categories. The set of land use categories should give a picture of the land use
distribution at a given time. We turn now to the construction of the initial state of land use in
Brazil.

3.3.2.1. Land use maps
Developing land use maps is the domain of geosciences and beyond the scope of this work.
Hence, an existing initial land use map had to be identified and selected, which can fulfill the
desired purposes. Until very recently, there were rimigly available land use maps for the
whole of Brazil. In the last few years, a number of institutions have made available such
maps developed through various geographical techniques such as remote sensing and field
assessment and various modelling teghes(LANTMAN et al., 2011) The main options
available today are the maps provided by @FRMG!® (SOARESFILHO et al., 2016) by
LAPIG!, by IBGE"”® (IBGE, 2017b) and by mapBiomad& At the time when the current

13 Centro de Sensoriamento Remoto , Universidade Federal de Minas Gerais, available at
http://maps.csr.ufmg.br/

1 Laboratério de Processamento de Imagens e Geoprocessamento, Universidade Federal de Goias, available at
https://vwww.lapig.iesa.ufg.br/lapig/index.php/produtos/dadesgraficos

15 Available fromhttps://ww2.ibge.gov.br/apps/monitoramento_cobertura_uso_terra/vl/

16 Available fromhttp://mapbiomas.org/
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work began only the CSRFMG and LAPIG maps weravailable for download and use.

For different reasons, both were included in the analysis as described in the next sections.

The most detailed of the available maps in terms of disaggregation of land cover types is the
CSRUFMG mapuso_da_terra_2013%herceforth the CSR map) representing land use in
2013 as allocated by the land use model OTIMIZAGOARESFILHO et al., 2016)The

map represents the cultivated area of 14 crops, daubpgped areas, planted forests and
pastures, plus the natural remnapnfsforests and savannas, both inside and outside of
protected areaESOARESFILHO et al., 2016) It also shows urban areas and water bodies

which were used here to create an exclusion mask for agricultural activities.

A separate CSR map provides inforroation pastures divided into categories of intensity as
measured by stocking rate in units of AU per heéfare t he CSR pasture map.
also include a map of pasture areas divided into categories of intensity much like CSR maps,
and as will be explined below, was chosen to constrain the intensification potential of

livestock production processes.

Figure 3-3 shows the CSR map with all its original classes, not all of which are explicitly
needed to perform éhobjectives of this thesis. Therefore, the land cover types that are not
essential are aggregated through reclassification into a smaller set of land use classes that
share certain basic characteristics such as vegetation type, purpose, or location. A
representative set of distinct land use classes was chosen to optimize representation and
minimize computational requirements in the MESSAGE framework, as described next.

17 AU = animal unit, defined as 450 kg of live weight per hectare.
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Figure 3-37 The CSRUFMG land use mapin 2013 for Brazil
Adapted from SOARESFILHO et al. (2016)

3.3.2.2. Aggregating CSR to BLUES land use classes
The original land use classes from the CSR map were reclassified into eight land use classes
according torable3-1. The aggregation was done using QGIS software to reclassify the land
use classes. As can be seen in the legenBigefre 3-3, there are a number of double
cropping alternatives in the original CSR map, inadgdsoybeansvheat, soybeansaize,
maizemaize, maizevheat as well as others involving these crops and beans. All these areas
are reclassified as doubteopped, indicating the area in the bgear area supporting two
annual harvest, or doubtEopping,in Brazil. Urban and water areas were aggregated into

no-go areas for agriculture.
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Table 3-11 Aggregation of land use classes from CSRFMG maps to BLUES land use classes
*PA = protected areas

BLUES LU class Original LU classes in CSR map

Single-cropped Single crop areas with: soy, sugarcane, corn, cotton, rice, wt
beans, coffee, cassava, oranges, bananas, cocoa and tobac

Double-cropped  Doublecropped areas with: soy/corn, soy/wheat, soy/beans,
cornbeans, beans/beans

Pastures Pasture inside and outside protected areas
Planted Forests  Forests planted for wood, paper or bioenergy
Savannas Savannas outside protected areas

Savannas in PA* Savannas inside protected areas

Forests Forest outside protésd areas

Forests in PA* Forest inside protected areas

The aggregation of all crops into a single land use class is justified in that the goal is to give
the model an area of land that is used for agriculture in the base year, and then allow the
model b allocate that area to the various crops according to itsmgoghization criteria.

This processwill be explained in more detaih Section 3.3.3First, we take a look at how
pastures are represented in BLUES, and how the initial areas of the tweefdddtclasses

are determined.

3.3.2.3. Pasture area in the base year
There is much uncertainty around total pasture area in Brazil. For exahgpleSRUFMG
pastures magBARBOSA ALVIM et al., 2015)estimate 220 Mha of total pasture area in
Brazil, while (BGE (2016) estimates 260 Mha, and\PIG (2016)report 165 Mha. This wide
range is explained by different assumptions and methodology, such as the inclusion or not of
low-intensity grazing on natural pastures and public land. An examination of th&JEBR
maps reeals a much larger area occupied by pastures than the LAPIG maps. In fact, pastures
with a stocking rate below 0.84 AU/ha in the CSR map cover a much larger area than that
given by the LAPIG map under a stocking rate below 0.9 AU/ha, with significasteliifes

in area in each region.

Given such large uncertainties and the high mitigation potential of livestock intensification in
Brazil, we opted for a conservative estimate of the area with potential for intensification,
currently under low intensity gzang. Thus, it was decided that the total pasture area would
come from the CSR pastures m@ARBOSA ALVIM et al., 2015)in order to maintain
consistency with the CSR land use M&DARESFILHO et al., 2016)used for the other
land use classes. However, ander to constrain the potential for intensification to levels
described byASSAD et al.(2015) it was decided that the area with potential for livestock
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intensification from degraded pasture recuperation in each region would be given by the area
of the LAPIG map(LAPIG, 2016)with a stocking rate below 0.7 AU/ha. This is exactly the
chosen cutoff value for Low Capacity pastures of 0.7 AU/ha, which yields national area for
Low Capacity pastures of 69.1 Mha, a number in line ABISAD et al.(2015)

It is important to note that the classification of @md Highcapacity pastures is somewhat
arbitrary, with the cutoff value of 0.7 AU/ha being chosen in order to reflect the accepted
definition of degraded pastures as those with stocking rates below O/Ra(ASSAD et al.,
2015;STRASSBURGet al., 2014) However, the term fidegraded
all of what we term Low Capacity pastures. In some low productivity areas, the pastures may
not support much more than the current low capacity arstaigable, longerm basis. This

may be particularly the case in the samd region of northeastern Brazil known as the
caatinga a biome characterized by low and highly irregular precipitation, and sandy or rocky
soils with low organic matter, all leed) to long periods of low pasture carrying capacity
(POMPEUet al., 2015)

Figure 3-4 shows subsets of the LAPIG pasture map, with the left panel showing areas with
stocking rate below 0.9 AU/ha, and the right glaarea with stocking rate below 0.7 AU/ha.
It is easy to see how the vast majority of low capacity pastures are in tharggkosatinga

biome of Northeastern Brazil.

Figure 3-471 Pasture area with <0.9 AJ/ha (left) and <0.7 AU/ha (right)
Source: built by the author with data from LAPIG (2016)

The area of each pasture type in BLUES for the base year is shdahl@B-2.
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Table 3-21 Area in the base year of the two pasture types modelled in BLUES, in each region

(Unit = Mha)

Mha NO NE SE SuU CcO
Low-capacity pastures 16.23 50.73 41.47 10.87 40.09
High capacity pastures 15.54 3.46 3.94 9.19 21.84

TOTAL 31.77 54.19 45.41 20.06 61.94

Source: elaborated by the author based on the CSR mgSOARES-FILHO et al., 2016)
As seen inTable 3-2, there is much more area under {oapacity pastures than under high

capacity pastures. In general, Brazilian pastures apdralow their carrying capacity as
demonstrated bTRASSBURGet al.(2014) so there is ample potential for intensification

in all regions.Figure 3-5 shows the carrying capacity of Brazilian pastures from thelGAP
map.

o Layers
# Capacidade de Suporte das Pastagens no Brasil

. < 25AUMa
26-30

31-32
33-36
m37-39
. 40-48
- 49 AUMa

¥ State borders of Brazil

Figure 3-5 - Carrying capacity of Brazilian pastures
Source: prepared by the author based ohAPIG (2016)

3.3.2.4. The initial land use map in BLUES
To create the initial land use map used to calculate damas available in BLUES, land use
classes in the CSR map were aggregated according to the clasabteid-1, with low- and
high- capacity pastures defined from an overlay of the LAPIG map on the CSR map, as
described in Sectior3.3.2.3 This map was used to calculate areas of each land use class in

the base year, that were then implemented into BLUES as constFagnise 3-6 shows the
resulting initial land use map.
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Figure 3-6 1 Land use allocation map resulting from the aggregations employed (see text)
Source: built by the author with data from SOARES-FILHO et al. (2016)and LAPIG (2016)

Table3-3 shows the resulting areas of each land cover type modelled in BLUES for the base
year 2010. Total cropland area (Single Cropping, Double Cropping and Planted Forest) adds
up to 56.5 Mha. Pasture areas total 213.4 Mha.
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