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1. Introduction

The worldwide oil refining industry has been facing numerous challenges in
recent year s. Oi | 6s ptral,2@18), moreo $trengent Ifuelt y ( HE
specifications, rigorous environmental regulatio8ZKLO and SCHAEFFER, 200y7)
andchangingoil productsdemand patterndEA, 2019) can be considered as the main
ones.

Crude oil prices haveeenextremevolatile in the last two decadekie tofactors
such as wars and political instability, economic and finanglavdown, excessive
speculatiof, terraist attacks and natural disastekAUFMANN and ULMAN, 2009;
CIFARELLI and PALADINO, 2010; KILIAN and MURPHY, 2011; SILVERIO and
SZKLO, 2012;ZAVADSKA et al, 2018).In the specific case of the oil refining segtor
the influencesof this volatility can acur through investment decisions, adjustment of
oi | der i v aASCHEetsah 20p3),¢c t®@rsgegs in refinerieso
(KAUFMANN et al, 2008)and changes in oil refininggrossmargins,which are the
difference between the revenabtained from the sale of the derivatives and the cost of
the petroleum processed in a refinery

Alongside, global and regional targets in the context ofrresition to acleaner
energy system with lowegreenhouse gas emissio(RIBEIRO et al, 2013; IEA,
2018) less presence of fossibsedfuels BRADSHAW and JANNUZZ] 2019),
increasing demand for ultspecified oil product$CASTELO BRANCOet al, 2011
ICCT, 2012;0PEC, 201y andthe formulation of oibroducts with nofoil components
(biofuels) haing almost no contaminant content levé®&ZKLO and SCHAEFFER,
2007 CE DELFT, 2013; WEC, 20)6are leadingefining companieso rethink their
refining processes and production profile (IHS MARKIT, 2018).

For the coming decades, it is foresébat molility systems will be different
from what currently existswith the presence of several key mobility trends, such as
transportelectification, shared mobilityautonomous steeringnd new concepts as the
MaaSi Mobility as a Service, which facilitateébe access taransport services through

a digital platformwith integrated public transport and sb@rcar pricing (MOUNCE

! In the long term, there is little theory that would argue that speculation can influence price. However, in
the short term, if expectations slow to respond, thus delaying any significant -siggplsesponse, and
demand is relatively inelastic, the prospef speculative pressures influencing price must be considered
(MEDLOCK Il et al, 2013; FATTOUH, KILIAN and MAHADEVA, 2012)

1



and NELSON 2019; DELOITTE 2017; MCKINSEY & COMPANY, 2018
O6 CONNOR, 2010) . have a st®ng mpact oihe dematd fooll
products, notably light and medium distillates, as gasoline and diésed, an increase
in the yield of other productsand a reduction in the output of traditionafined
products areexpected (IEA, 2018)According to IHS MARKIT (2018), seeking a
deepen integration with petrochemical operations, and gathering a higher conversion of
crude oil into chemical productsn be an attractive option for refiners.

I n the specific case of the Brazilian
to new tends has been occurring for some years. With the-tgmyd mediumto-heavy
crude oils production in Brazilian offshore basins in the 1980s and 1990s (HALLACK
et al, 2017), refining schemes of existing refineriagich weremainly focused on
gasoine praluction anddesignedor light oil processingwere modified taconvertthe
heaviest fractions of crudes into medium @rid meet thenore stringent specifications
i e.g., by adding delayed coking units amVerehydrotreatment processeBHRISSE,
2007; SZKLO and SCHAEFFER, 2007; SZKL@t al, 2012). For instance the
introduction of the specification of diesel SA® ppm ofsulfur) in the Brazilian market
(BONFA, 2011) boosted thénvestments in medium distillate hydrotreating units.
Likewise, in 2012, through thereation of PROMEGA (Medium and Gasoline
Production Program), Petrobras modified its oil refining park in order to inctease
production ofdiesel, jet fueland gasolie throughcapacities expansiorand efficiency
improvanentsof process units, reducing 4pyoduct imports and increasints profit
margin(EPE, 2011PETROBRAS, 2013PETROBRAS, 2014

Still, it is worthwhile mentioningthe uncertainties faced by the Brazilian oll
refining industry, associated to tbBeoluion of energy demand and suppbyer the past
and in the future deades. These uncertaintiegsainly concern the balance between
biofuel and petroleum products for the automotive sector, the development of the
domestic crude oil supply and the process of market opening, in which the prices of oll
products are being defined according to the intevnal market(Import Parity Price
IPP?), with the objective of atacting investors, and thuseetng the partnership policy
currently being sought in the sector (PETROBRAS, 2018).

% Based on the parity with the international market, which includes costs such as chartering vessels,
internal transport costand port charges (PETROBRAS, 2016).
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On the demand sidéor the transportation sector, there are explicit aspects that
suggest a late transition in the Brazilian automotive industry, such as the high purchase
price of hybrid or electric vehicles; the need for adaptations and improvements in the
supply infrastucture for electric vehicles; and lack of governmental incentives for the
dissemination of hybrid and electric vehicular technologies. However, there is the
commitment to meet the demand for fuels with more restrictive specifications, as
previously mentioad, as well as a strong presence of bioflielsspecially ethanolin
t he transporsystes(ERER20I&)0 s ener gy

On the supply side, the development of thegai crude oiffields provides an
increasing crude oil production (SZKL®t al (2006 2007); DE SANTANNA
PIZARRO et al, 2012; SARAIVA et al, 2013 SAUER and RODRIGUES, 2016
which growths up from 34 Mt in 1990 to 142.7 Mt in 2017. This stands for 3.2% of the
worldwide crude oil supply.

In sum Brazil is a major oil produer, with newlydiscovered wellgpre-salt
area)- which havegreat production potentialanda refining parkundergoing a process
transformation to be able to receive thie-salt oil (light-to-medium oil) as well as
investing in hydrotreating units in order to meet fuels stringent specificatidres
country has also been, in the last years, importing oil products in ascendant order,
reducing, therefore, tahdincreasingis refeiing nagié ut i | i :
uncertainty(ANP, 201&; BP, 2018)

In this context,Petrobras, a statawvned company thaturrently owns 99%

(ninety nine percent) of the market share of the refining and logistics sectors in Brazil

% In 1975, pursuing the first oil crisis, the National Fuel Alcohol Program (ProAlcool) was introduced, in
Brazil, creating conditions for larggcale development of the sugar and ethanol industry (FAO, 2008).
During thesame time, the Pf®leo, a biodiesel program was also brought in (MAGALHA&Sa.,

1991; ROSILLOCALLE and CORTEZ, 1998; POUSALt al, 2007). The arguments for both programs
wer e t he s ame: reduce countryos d e p ededklepmers on i mp
(CARDOSOet al, 2019). Nonetheless, unlike ethanol politics, the biodiesel program failed to create a
similar political alliance between state agencies and-state industries of oleaginous crops
(STATTMAN, 2019). The beginning of the growtif biodiesel production in the country dates from
2004, with the National Program of Production and Use of Biodiesel (PNPB), which established
minimum biodiesel to diesel blending requirements (MELO, 2018). The most recent biofuel policy,
RenovaBio was imoduced in 2016, aiming to outline a joint strategy to recognize the strategic role of all
types of biofuels in the Brazilian energy matrix, both for energy security and for mitigating greenhouse

gas emission reductions (MME, 2019 ).



has statedts new objective, whiclkonsists of the repositioning of timational refining
sector by dividinghe efining park into fourgeographical blocksas well as by selling
eight of its seventeen refinerielne idea is that onlyefineries of the southeasbuld
remain under PetrobsamanagementPETROBRAS, 2019)The plan for the sale of

refineries is part of a large Petrobras divestment package

Given thesechallenges, which arghortto long-term in nature and involve the
discussion of howthe oil refiningindustry is flexible aswell as the focus on the
Brazilian problem of refining regionalation and the refingr strategiesthe main
purpose of this thesis is to develop a mrédgional model for the Brazilian oil refining
industry, with a medium to longerm analysisin an opersource modeling language
which allowsthe dialogue with internationatonsolidatednodelsassociated wittboth
the entire energy systenthe soecalled Integrated Assessment Mod@AMNDERSON
and JEWELL, 2019) and the world oil refiningmodels dcused only on the petroleum

process)

1.1. Objectives

The main purpose of thisesearchis the development of the ORIOKDI
Refining Industry Optimization and syNergiesode| which consists in a muiti
regional linear programmingptimization modefor the Brazilian oil refining industry,
in an opersource modeling language, capable of analyzing the evolution of this
industry, in the mediumand long terms, providing, this waya toolto help experts and
decision makersThe model is developed to addrése main identified challenges for
the country’srefining industry in the next years and to be able to be linked to other
models” structures for either representing Brazil in the world oil refining industry or
representing the country’s oil refining in #@untry’s energy system as whole.

The programming languagesed in the construon of this model was the
GAMS - Gereral Algebraic Modeling Systeassociated with the CPLEX solver

Aimingt o test the model 6s r el i adevelbped vy ,
in terms of oil productsemands: the Shadaseenariopasedon the evolvement dhe
current oil refining industry and the energy and transport systems, without changes in
currentpolicies the Cloudy scenario, which takes into account the announced policies

and targetsdoth for oil refining and for the energy and transportation systama
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whole, envisaginghe mobility in the transport system for thexh few yearsandthe
Shinyscenario, beinghe mostdisruptive among the three scenarios, since it considers
an accelerated energy transition to reach the goals associated to climate change, clean
energy and clean aiFor each onethe model is rumndera multiregionaland asingle
regional framewtk, in order to analyze, in each case, whether there is an advantage or
not in having a regional moddh addition, for each case previously mentioned, two
options of heavy fuel oil specifications were taken into accoumt, | i ght of t he
regulationgo reduce sulfur oxides (SOx) emissions from ship

Moreover, a the ORIONoutput at a regional level, dependn the foreign
trade flows andhese flows are related to the international market priaeseged
optimization approach waalso carried out Thus,a worldwide multiregional model
OURSE Qil is Usedin Refineries to Supply EnergflANTZ et al, 2005 wasrun, for
each previously defined scenario, in order to provide marginal values associated to the
oil products demand constraints, which ased in the Brazilian model

The OURSE model is also used to asdisé validation of variables of the
ORION moctl, such as investment costs, M&osts and logist& costs.

Finally, it is worth mentioning thathe methodological procedure and the
methodsfollowed in this researcltould wellbe applied in other countrieand,even
more important the model developed by this thesis can be coedetd existing
national or globaimodels, as was done in the sgatstudy in the case of OURSE,
aiming to obtainmore accurate resujt@nd/or to give more detail to lestetailed
models.

The following section discusses the state of the artlakebning optimization
models,showing the relevance of the model developgdhe presentesearchas well

as its possible applications.

1.2. Background: Oil refining expansionoptimization models

Mathematical optimization techniques have been involved in refining operations
through the years, including crude selection and evaluation, process configurations,
derivativesd producti on, and epalp 201§t s | og
Likewise, acording to BODINGTON and BAKER (1990), since 1947, with the
invention of the Simplex algorithm by Dargzimany computational mathematical
models have been implemented to solve specific subjects of a refining process.
5



In the literaturea seris of workshave developed optimization models for the
refining sector, using linear, ndimear and mixed integer programming, with the aim of
improving the output of production processs (LAN, 2008; LAN et al, 2008;
MENEZESet al., 2013; CASTILLO and MAHALEC, 2014ANCIJAN et al, 2015),
integrating refining and petrochemical plants (et al, 2006; GOMES, 2011;
KETABCHI et al |, 2018) , optimizing refinerieso
(DIKSHIT et al, 2005; HADIDI et al, 2016), analyzing market scenarios (Pet
al., 2000), optimizing market trades (COELHO and SzZKLO, 2015), integrating oil
supply chains (GUAJARD@t al, 2013; FERNANDES:t al, 2014),netback pricing
crude oils in marginal refineries” schem@HARA, 2014;DUQUE, 2017; ARAGAO,
2018, andab®rbing the uncertainty in risk assessment (GUPTA and GROSSMANN,
2014 or in oil refineries” operation to deal with changes in derivatives markets
(BARROS and SZKLO, 2015)UQUE, 2017)

Specifically in terms of linear programming modelssignificant contribution
was made by LANTZt al (2005, with the development of tHeURSE (Oil is Used in
Refineries to Supply Energy) modethichis a worldwide aggegated refining model
designed to simulate the world oil product supply for the POLES (Prospégtitlook
for the Long-term Energy System) model. It includes a representative refinery for nine
different regions of the world (Z4North and Central America, Z2 atin America, Z3
- North Europe, Z4 South Europe and Turkey, Z3-ormer Soviet UnionlS), Z671
Africa, Z7 - Middle East, Z8 China and Z9 Other Asia), being designed to operate
over the period 1992030. It comprisesllethe relevant techreconomic characteristics
of the olil refining industry (such as technical processes, investmérdperating costs,
and pollutant emission faa®). The OURSE model was used for several studies
concerning the global trends of the refining industry (SAINNTONIN & MARION,
2011), the C@emissions (TEHRANI & SAINTANTONIN, 2008) or some regional
applications (BENYOUCEF and LANTZ, 2@}

Another important mathematical model is the PRELMtfoleum Refinery Life
Cycle Inventory Modgl developed by th& CAOST - Life Cycle Assessment of Oil
Sands Technologies research grofiphe University of CalgaryBERGERSONet al,
2017). The model is a masand energypased, process udével tool for estimating the
energy use angreenhouse ga&SHG) emissions associated with processing a variety of
crude oils within a range of configurations in a refinery. Althh not being an

optimization modelPRELIM is a complex Excel spreadsheetulation toolpresenting
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eleven refinery configurations constructed to reflect current operating refineries in
North America, and containing crude assay inventowith 144 crue oil types. Each
crude is characterized according to its qualities as the crude distillation curve, sulfur
content, API gravity, carbon residue content, and hydrogen content. The crude is also
divided into nine fractions, each associated with a speaifideanperature. Already,
PRELIM employs a systems level approach and refinery linear modeletgods
which ensures wide applicability in assessing energy use and environmental impacts for
processing crudes of different quality, and allows for incorparaifanodel results into
Well-To-Wheel analyses (BERGERSGdtlal, 2017).

In the context of simulation tools, it &soworth mentioningalsothe CAESAR
i Carbon and Energy Strategy Analysis for Refineqpesformedwi t hi n excel so6
basic modewhich was originallydescribed inTOLMASQUIM and ZKLO (2000)
later being used by the Brazilian Government in its L@egn Energy Plan 2030 (EPE,
2007), andupdatedby GUEDES (2015), VASQUEZ-ARROYO (2018), MAGALAR
(2018) and GUEDESet al, (2019).The nodel relies on refining schemgcluding
energy and mass balances for eighteen process units. For eadtapatities are
determined, as well as the proces$eelistock specific utilities consumption (steam,
fuel and hydrogen) and specific water conption. The outputs of théool consist of
the finalenergy consumption, G@missions, oiproductsoutput and refineles” water
consumptionand withdrawal§ GUEDES et al, 2019) Although being a simulation
tool, the model comprises a small optimization module, whétbctehe best emissions
mitigation technologies when subjected to G&xes scenarios

Lastly, there are théntegrated Assessmentodels (IAMs),which are widely
used techniques for knowledge production to assess costs of future energy pathways and
economic efécts of energy/climate policies (ELLENBECK and LILLIESTAM, 2019).
According to VAN VUUREN (2015), there are numerous types of IAMs, ranging from
small cost beefit analysis (CBA) models to complex models able to identify underlying
processes of interactiobsually climate change and air polluti@me the focus of IAMs
(ROCHEDO, 2016), howevethese modelare capable of survey diversepacts, such
as water qgality, water scarcity, depletion of neoanewable resources and
overexploitation of renewable resources (PBL, 2016).

IAMs generally includeoil refining processe# their frameworks but not in
very detailed manner, contempiagifew crude oil options and final products, poor or

none flexibility, and, in most cases with single process configuratidabkle 1-1
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summarizes thenain currentlAMs, with their respective characteristics with respect to

the oil refining modules, as well as the maeaxisting oil refining models



Table 1-1 - IAMs and oil refining models

Crude oil

Refinery

Model Institute Country Model type ; . . Final products Reference
options configuration
General
AIM/CGE NIES Japan equilibrium/Recursive Crude oil Single Oil products FUJINO (2002)
Dynamic
General . . _—
GCAM PNNL USA equilibrium/Recursive Oil Single Reff'”e(fl.“q“.lfs.egd “S_ell CALVIN etal
Dynamic (conv.,unconv.) Refined liquids industria (2019
General . - -
IAMs IMAGE- PBL Netherlandg  equilibrium/Recursive Crude Oill Single Light liquid fuels/Heavy liquid PBL (2017)
TIMER : fuels
Dynamic
MESSAGE General
Globiom IIASA Austria equilibrium/Intertemporal Crude oil Multiple? Gasoline, fuel oil (light/heavy] [IASA (2016)
optimization
REMIND- General KRIEGLER and
MagPIE PIK Germany eqwhbnum/!nte_rtemporal Crude oil Single Liquid fuels LUCHT (2015)
optimization




i Partial Liquefied petroleum products
TIAM ETSAP France equilibrium/Intertemporal Crude oil Single (LPG), gasoline, naphtha, LOULOU etal
TIMES A . (2016
optimization diesel, kerosene, heavy fuel
General MANNE and
MERGE EPRI USA equilibrium/Intertemporal | 10 crude oils Single Oil products RICHELS
optimization (2004)
Partial . - . . .
DNE21+ RITE Japan equilibrium/Intertemporal Oil Single Liquid fuels(gasol|r_1e, light oil RITE (2009
A (conv.,unconv.) products, heavy oil products
optimization
General Refinery gases, LPG, naphth
COFFEE COPPE Brazil equilibrium/Intertemporal Crude oil Multiple2 gasoline gasoil diesel, FCC ROCHEDO
S coke, petroleunacoke, heavy (2016)
optimization
products
General Refinery gases, gasoline,
EPPA MIT USA equilibrium/Recursive %nljde (.)lll’ O'Id Multiple3 dlelsel, hea\liy fueldon,h CH(?UMERTet
Dynamic shale, oil sands petroleum coke, and other al. (2006)

product$
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Liquefied petroleum product
(LPG), gasoline and naphthg LANTZ et al

Linear programming (LP) . .
OURSE IFP France model 8crude oils Singlé middle distillates and heavy|  (2012)
distillates
Refining Blended gasoline, jet
Models . , : AJAVTUR, ULSD’, fuel oil
Univeristy Linear programming (LP) . .6 ' V7 7 | BERGERSONet
PRELIM of Calgary Canada model 112 crude oils Multiple coke, hydrocrackingesidue al. (2017)

liquid heavy enddjquefied
petroleum gas (LPG)
Liquefied petroleum product
(LPG), gasoline and naphthg GUEDESet al,
middle distillates and heavy| (2019)
distillates

Linear programming (LP)

model 6 crude oils Multiple

CAESAR COPPE Brazil

1Simple refinery/Complex Refinery
2Megarefinery with possible gasine/diesel refinery expansionandwith gasoline/diesel campaigns
3Topping, hydroskimming and cracking refiresi
Deep conversion refineriesegionalized)
5This category comprises a wide variety of products, fromtheviignt ue napht ha fracti on, whos es tgpthe loweevaliebitumenbrevaxesc | osel y rel ated to g
"Hydroskimming, coking (medium conversion with FCC, with gasoil HCC, or with both; deep conversion with FCC, with gasoil Wi@Cboth), hydrocracking (medium conversion with FCC, with
gasoil HCC, or with both; deeconversion with FCQwith gasoil HCC or with both)
®Ultra-low sulfur diesel

8Naphtha, diesel and kerosene refinery campaigns
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Hence it is verified the importantontribution associated with tlteevelopment
of a multiregionalexpansion oil refiningnodel forBrazil, in an open source language,
which can beeplicated inother countries, as well as contribute to a better detailing of

the oil refining segment in IAMSs.

1.3. Thesis Outline

This thesisconsists of six chapters, including this one. Chapter 2 presents the
current Brazilianoil refining industryfeaturing the typical refining schemes of national
refineries,recent investments and decisions, the evolution of its production profile, the
typesof oil consumed in recent years, as well as its trajectory of exports and imports of
oil derivatives. Chapter &xposesthe methodology followed by thishesis first
detailing the GAMS General Algebraic Modeling Systgnool, then presenting the
OURSE Qil is Used in Refineries to Supply Enejgywodel and th@ested optimization
approach performed by the study, dirhlly presenting the ORIONil Refining
Industry Optimization and syNergjemodel framework.Chapter 4 describes the case
study; i.e., the data inserted in the modkar its base yeafyear for which the calibration
stage iscarried out. In the same chapter the scenarios performetie ORIONand
OURSE modek are depictedin Chaper 5 the results are presentaccording to the
scenarios analyzed. FinglIChapter resents the conclusion and final considerations

of the work.



2. The Brazilian oil refining industry

The Brazilian oil refining industry consists of seventeen refineries in operation,
with a total nstalled nominal capacity of 2nillion of barrels peday (Mb/d) (ANP,
2018&). Most of themare under control of Petrobras and, in the last years, the national
refining park has undergone a period of expansion, especially with theistaftthe
first train of Abreu e Lima Refinery (RNEST)in December 2014. Iraddition
investmentsvere made irconversion and hydrotreatment units for the adequacy of the
existing refining plants, in order to increase the production of higher -aaldedoil
productsEPE 2017).

Since 2018 Petrobrasa stateowned company thaturrentlyowns 99%(ninety
nine percentpf the market share of the refining and logistics sectors in Bizad
undergone a process of market opening, in which the prices of oil produdisiage
defined according to the international market (Import Parity Pri¢eP), with the
objective of attracting investors, and thus meeting the partnership policy currently being
sought in the sector (PETROBRAS, 201B).this context the compariyas steed its
new objective, which concerns in breaking the refinery park in 4 geographical blocks
(South, Northeast, Rio de JaneMias Gerais and Sao Paulapdselling eight of its
seventeen refineries. The idea is that only refineries of the soutedst remain
under Petrobras management (PETROBRAS, 2019). The plan for the sale of refineries
is part of a large Petrobras divestment packageording to ANP (2018a), thiglan is
an exclusive decision of the company that may represent the most rapithwtapls
creating an open market, with a lower risk of interference or the adoption ef anti
competitive pratices, whichwill allow the attraction of new investments and the
reduction of dependence on import&NP, 2018a).

Table 2-1 shows the capacity, localization, and stgst year of Brazilian
refineries per geographical blockigure 2-1 illustrates their localizationsand Figure
2-2 presents the logistics infrastrucéwfcrude oil and oil derivativeis Brazil.
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Table 2-1 - Brazilian refineries as of December, 2017

Refinery Start pf Nominal Capacity
operation (103bbl/d)
South Region
REFAPR- Refinaria Alberto Pasqualirs.A. 1968 220
REPAR Refinaria Pesidente Getulio Vargas 1977 214
RiograndenseRefinaria de Petréleo Riograndense S.A. 1937 17
Total 451
S&o PauloRegion
REPLAN- Refinaria de Paulinia 1972 434
REVAP- Refinaria Henrique Lage 1980 252
RPBG RefinariaPresidente Bernardes 1955 170
RECAPR Refinaria de Capuava 1954 63
Univenr Univen Refinaria de Petroleo Ltda. 2007 5
Total 924
Rio_Minas Region
REGAR Refinaria Gabriel Passos 1968 166
REDUCG:- Refinaria Dugque de Caxias 1961 252
Manguinhos Refinariade Petr6leos de Manguinhos S.A. 1954 14
Total 432
North_Northeast Region
RLAM - Refinaria Landulpho Alves 1950 377
RNEST Refinaria Abreu e Lima 2014 115
REMAN- Refinaria Isaac Sabba 1956 46
RPCC Refinaria Potiguar Clara Camarao 2000 45
Lubnor Lubrificantes e Derivados de Petréleo do Nordes 1966 10
Daxoil- Dax Oil Refino S.A. 2008 2
Total 595
Total Regions 2402

Source: ANP (2018b)
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Refinery Location by Region
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Figure 2-171 Localization of Brazilian refineries
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Figure 2-2 - Brazilian logistics infrastructure of crude oil and oil derivatives

Source:ANP (2018b)

The S&o Pauloegionplusthe Rio_Minas regionwhich comprise thd&razilian
southeastern regiohave the largest installed refining capacity in the country, also
comprising an important network of pipelines, allowing the movement of derivatives
between refineries, terminals and bases, and supplying not only the regions itself, but
also a good padf the other regions (ANP, 2018ihe South regiois one of the most
balanced regions, that is, where consumption and demand remain close. As it is a region
further away from the country's main-oificit areas, and far from international supply
points guch as the Gulf of Mexico), refineries in the South tend to opeitiia wheir
regional boundaries (EPE, 2G)8The North_Northeagtegionis a deficient region in
terms of derivatives supply, since the production of its refineries is unable tdtmeet
demandThus, most of the derivatives consumed in this region come fromdlo ref
Sao Paulo and Rio_Ming&PE, 2018). Although not represe¢ed in the geographical
blocks, sincet has no refineries, the Midwesggion has its oil derivatives demand

supplied basically by the Sdo Paulo region (EPE, @018
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Despite the large refining capacity, the Braziligfining industryhas been
presenting a declining in its processed load (utilization ficsince 2014 While in
2013 theutilization factor wasapproximately 98%in 2017 it reached 76 (ANP,
2018b).This fall can beexplained becausef Petrobras' pricing policyas mentioned
previously, which has made export of crude @hd import of derivatives more
advantageous thahe processing of domestic oil and the production of derivatives in
Brazilianoil refineries (FGV ENRGIA, 2017).

Figure 2-3 presents the processed load and the refimmapacity of Brazilian
refining park from 2008 to 2017.
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Figure 2-3 - Processed load and refining capacity of Brazilian refining industry (2002017)

Source: ANP (2018b)

In addition,as shown byFigure 2-4, in 2017,91.9% of the total oil processed
were of domestic origin and 8.1% were imported (ANP, B)I8eing this the highest

ratio domestiégmported oil inthe last 10 years.

4 Utilization Factor,in this case, is the ratio between the usage time for which a process unit has been
functional to the total time for which it could be used. Since for its calculation, only the ADU is
considered, it does not directly grasp the complexity of the refindeyvethelesswhen their more

complex downstreamnitsare fully utilized, refineriegperate as simple refineries.
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Figure 2-4 - Nature of processed load2008i 2017

Source: ANP (2018b)

Most Brazilian refineries were built before the 1980s with the main objective of
meeting the demand for gasoline and fuel oil in major urban centers of Brazil (also close
to the country’s coast). Considering theortedlight crude oil processed at thisne,
these refineries were equipped with FCC units (SZKLO and SCHAEFFER, 2007).
However, due to the increasing diesel demand after the 1980s (B@RBA2017), as
well as the ramqup of mediumto-heavy crude oils production in Brazilian offshore
basinsin the 1980s and 1990s (HALLACIHt al, 2017), the refining schemes of
existing refineries werepartially modified to convertthe heaviest fractions of crudes
into medium cuts e.g., by adding delayed coking units aselerehydrotreatment
processes (SZKQD and SCHAEFER, 2007; SZKLOet al, 2012). Through the
PROMEGA (Medium and Gasine Production Programkreated in 2012Petrobras
modified its oil refining park in order to increase its heavy oil processing capacity and
meet the demand for gasoline ahésel with more restrictive specifications. The largest
share of investmentssince then was for the addition and improvement of
hydrotreament units (EPE, 2015; PETROBRA2013).

Figure2-5 displays theBrazilian refining industry's profile production evolution
from 2008 to 2017.
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!Although diesel is not separated by quality level, it is important to note that there hasshiggficant effort in recent years to

maintain its production and meet increasingly restricted specifications.

Figure 2-5 - Brazilian refining industry's profile production evolution (2008-2017)
Source: ANR2018b)

From Figure 2-5 it can be observed that gasoline production has gained
participation in the last ten years, going from 19.5% in 2008 to 25R%017.
Petrochemical aphthashare in turn, reached4.5% in 2017, approximately half of its
production in 2008. In relation to diesel, it had been increasing its share until 2015, but
in the last two years it lost space, representing, in 2017, 36.8%tabfproduction.
Finally, in the same downward trend of diesel comes fuel oil, which had a share of
10.6% in 2017, against 13.8% in 20(®uch fluctuationscan be explained by both
technicalpo !l i t i cal and economic factors, especi e

In the last two decaded)d Brazilianfuel marketwas marked by two diférent
phases. The first onbetween 2000 and 2007, is represented by favorable national and
global econont conditions,such as lowinterest rates, credit expansiandincome
increase (RODRIGUES®t al, 2018). During this timegil products prices in Brazil
were free to foat according to internationaharket prices(CAVALCANTI et al,

2012.

The second mse, that is, from 2008 until now, is characterized lyobal
economic and financial crisis, which hit the Brazilian market and caused a slowdown in
the economy(RODRIGUESet al, 2018) Thereafter, Petrobras, having a dominant
position in the fuemarket, became a prisetter(CAVALCANTI et al, 2013.

19



Between 2008 and 201the practice of controlling and delayingettransfer of
international gasolingorices to the domés market was practiced, thuseeping
gasoline domestic pricdselow parity prices on the international market order to
reduce inflatiorrates. In the third quarter of 2012, for itace, the price of gasoline in
Brazil was 19% belowhe world price This fact benefited the production of gasoline
dthough part of the consuntipn was imported NUNEZ and ONAL, 2016)

Importing transportation fuels at higheorld prices andgelling in the domestic
market at subsidizefrices resulted in substantialsses(NUNEZ and ONAL, 2016)
Hence, in2016,whena new president was appointedPetrobras, the fuel price policy
started tobe guided by the company's interests, withgovernment influencenlthe
same year the price of fuels began to follow the trend of the international rmarket
international parit price (IPB - based not only on the price of crude oil, but also on
costs such as ship freight, internal transportation costs and port taxes, as well as a
margin for compensate the risks inherent in the operation, such as exchange rate and
price volatilty, port rates, profit and taxe$his new practicevould endthe fuel price
subsidy a policy adopted by previous governments

However, in 2017, seeing that it was unable to keep up with the increasing
volatility of the exchange rate and the price ofamd oil products, Petrobras announced
that there would be a higher frequency of price adjustm@®sROBRAS, 2017)

Then the company begaon make frequent price alteratigrsometimesvith even daily
periodicity. This culminated in @razilian trucker 8ike that after much negotiation,
managedd stabilize fuel priceat that moment

Currently, desel and gasoline pricing policies continte be based on
international narkets and prices may vargarding to market conditions and external
environmentanalysis (PETROBRAS, 2018)In other words, policies such as the
international parity price (PPI), margins to compensate for the risks inherent to the
operation, level of market share and derivative protection mechanisms are maintained
(PETROBRAS, 2019)

In short, between 2012015 oil products” priceswere controlled to curb
inflation. This also caused an increasing demand for gasoline and raised the average
gasoline yield of Brazilian refineries (to the detriment of naphtha). Then, prices
followed the irternational parityNevertheless, thisas hampered diesel production and
resulted intrucke r strikes, which in turn, still continue to threaten the Brazilian

economydueto constant fluctuations in diegmiices.
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In the case of diesethe drop in itsproduction can also be explained iy
increasingly restricted specifications 2009, theANP i National Petroleum Agency
i ncreased di es el thusthepneviotisyatlowed gacentratiorcd00 i o n
ppm (S500)has been reduced to ppm (S50) outside metropolitan areas, and to 10
ppm (S10) inside metropolitan ardgRio de Janeiro, S0 Paulo, Curitiba, Recife,
Fortaleza and Belém) (BORBA et al., 201%). this way, Brazilian refineries faced
some difficulties to meet these new specificaiomquisites, which led to an increase of
highqual ity diesel 6s i mports (see Figure 6).
capable of producing diesel S50 were made in the last years, however, regarding the
productionof diesel S10, the maximumutput that could be reachedvas of 12960
thousandn® per yea(BONFA and SZKLO, 2011)

In such a way, lthough Brazilis a net petroleum exportdts balancefor the
main derivativess negative especiallyfor naphtha, gasoline, and digsat presented
by Table 2-2. Moreover,imports of most of the derivatives have shown a significant
increase in the last 10 yeafBhe main exporting cairies to Brazilwere the United
States (LPG, gasoline, jet fuel oil, diesel and petroleum coke) and Algeria (naphtha)
(ANP, 2018b).

According to BORBAet al (2017), there are two factors that can cooperate to
reduce Brazil 6s frecendly dicoverecepeaitrfields,nvbieh:aret h e
expected to produce better quality crude oils; and the improvement of refining processes

infrastructure to process domestic crude oils.

® The lower allowed concentration in metropolitan areas aims to improve local air quality (BERBA
2017).
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Table 2-2 - Imports and exports balances

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Product
Imports (16 m®)

LPG 2.2 2.6 3.1 3.4 2.5 3.3 3.9 3.2 4.1 3.3
Naphtha 3.6 4.1 6.7 7.1 6.1 7.0 6.8 7.0 87 104
Gasoline 0.0 0.0 0.5 2.2 3.8 2.9 2.2 2.5 2.9 4.5

Jet fuelOil 15 1.3 1.9 1.8 1.7 2.0 1.5 1.4 1.2 0.6
Diesel 5.8 35 9.0 9.3 80 103 113 6.9 79 13.0
Fuel Oil 0.2 0.0 0.2 0.7 0.2 0.1 0.4 0.4 0.1 0.1

Coke 3.5 3.3 3.9 4.4 3.7 3.8 3.8 3.0 2.1 2.2

Otherd 1.1 1.2 2.1 1.3 1.2 1.3 1.4 1.4 1.3 1.7
Exports (16 m®)

LPG 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Naphtha 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gasoline 2.6 2.5 0.8 0.3 0.1 0.3 0.4 0.6 0.7 0.5

Jet fuel Oil | 1.9 2.0 2.3 2.6 2.8 2.8 3.0 3.0 2.7 2.8
Diesel 0.7 1.2 0.7 0.6 0.3 0.4 0.4 0.1 0.5 0.5
Fuel Ol 9.7 8.5 9.2 9.1 10.7 9.1 8.6 8.5 6.6 7.1

Coke 1.0 0.8 0.8 0.8 0.9 1.3 1.5 1.3 1.3 15

Otherd 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Balance’ (10° m)

LPG 22 -25 31 -33 -25 -32 -38 -32 -41 -33
Naphtha 35 41 -67 -71 -61 -70 -68 -7.0 -87 -104
Gasoline 2.6 2.5 03 -19 37 -25 -18 -19 -22 -40

Jet fuel Oil | 0.4 0.7 0.4 0.8 1.1 0.8 1.5 1.6 14 2.2
Diesel 52 -23 -83 -87 -77 -99 -109 -69 -74 -125
Fuel QOil 9.5 8.5 9.0 84 105 9.0 8.2 8.1 6.5 7.1

Coke -26 -25 31 37 -28 -25 -24 -16 -0.8 -0.7

Others 11 -12 -21 -13 -12 -13 -14 -14 -13 -1.7

Others include asphalt, lubricating oil, paraffin, solvent and otheenergy products.
2 Balance = Exposg- Imports.

Source: EPE (2017)
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Regarding Brazilian derivativesxports (Figure 2-7), it is worth noting the
Brazilian excess production of fuel oil, which serveainly the bunker market for
foreign ships (PE, 2017). By countrythe largestcurrent importas of Brazilian
derivatives are Singapore (fuel oil) and the United States (unfinished gasoline, jet fuel
oil, fuel oil, petroleum coke) (NP, 201®).

18.0
16.0 Others
14.0 .
120 ® Fuel Ol
(,,E 1 0- 0 m Diesel
é 8.0 u Jet fuel Qil
6.0 m Gasoline
4.0 = Naphtha
2.0
ELPG

0.0

Year

!Others include coke, asphalt, lubricating oil, paraffin, solvent and othegmengyproducts.
2Fuel oil include marine fuel o{bunker)

Figure2-7iBrazi |l i an oil pr-8a0ddd)ct sdé exports (200:¢
Source: ANP (2018b)
23



The following section presents and details the typical existédntefining

scheme®n Brazilian refineries.

2.1. Typical Refining Schemes of National Refineries

The structure of a refinery is complex, depending on the characteristics of the oil
to be processed, the capacities of the units, the production profile of the derivatives, the
specification for these products and the choice of technologies to be used
(SCHAEFFER et al., 2009)Also, it can be classified as a Hydroskimming, Cracking,
Coking/ Hydrocracking and Hycon configuration, as detaileGaible 2-3.

Table 2-3 - Refining schemes

Configuration Description
Topping ADU+ VDU
Hydroskimming ADU + Isomerization + RER Treatment units
Cracking Hydroskimming configuration +VDU + FCC+ Alkylation
Hydrocracking Crackingconfiguration + HCC + HGU
Coking Hydroskimmingconfiguration + VDU + Delayed Coking
Coking/ Hydrocracking Hydroskimmingconfiguration + VDU + HCC + Delayed Coking + HGU

ADU i Atmospheric distillation unit; VDU Vacuum distillatiorunit; ALK 7 Alkylation unit; REFi Catalytic Reforming unit;
FCCI Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; COKDelayed Coking unit; DSP Deasphalting
unit; HDTsi Hydrotreatment units; HGU Hydrogeneratio unit; COGi Cogeneration unit
Source: SZKLCet al (2012)

Brazilian refining schemes can be mostly classified between the Cracking and
Coking/Hydrocracking configurationfOIL & GAS JOURNAL, 2018) The former
optimizes the production of gasoline with the preseaf FCC and alkylation units,
while the latter focuses on the production of diesel with the delayed coking unit as well
as the production of petroleum coke, maximizing, at the same time, the production of
gasoline and high quality medium distillates, sashdiesel, with the presence of the
hydrocracking unit (SZKLGCet al, 2012). There are, however, no hydrocracking units
in operation in the country's current refining park, and thus the main conversion unit
involves FCC (of gasoils and residueapd delagd coking units (processing
atmospheric distillation residues and vacuum distillation residu&sgording to

GUEDESet al (2019), &hough the Brazilian refinery system, on average, focuses on
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dieseloptimization,single refineries @n present a differérfeature- e.g. focusing on
lube oils, or petrochemicals

Regarding lte steps of a refining schentbey consisbf separation, conversion,
treatment ad auxiliary steps (MAGALAR, 2013

Figure2-8 illustrates the main process units present in each mentioned step.

Auxiliary
AGu
ko

Boilers/Heaters

ADU i Atmospheric distillation unit; VDU Vacuum distillatiorunit; ALK 7 Alkylation unit; REFi Catalytic Reforming unijt
FCCi Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; COKDelayed Coking unit; DSP Deasphalting
unit; HDTsi Hydrotreatment units; HGU Hydrogeneratio unit; COGI Cogeneration unit

Figure 2-871 Steps of a refining scheme

Source: Based on MAGALAR (2018

The typical existing process units in Brazilian refineries are briefly described

below.

2.1.1. Atmospheric and Vacuum distillation

Refining of crude is usually compakeof two stages of distillationthe
atmospheric distillation unitral the vacuum distillation ufifOSUOLALE, 2017).

The atmospheric distillationnit is the mst important within a refineryin this
processa vertical distillation tower at atmosphenmicessuré is used to vaporize the
cargo and fractionate it irdifferent cuts through severalifferent condensing
temperatures, so that each of fiolowing units have their input loads accondj to
their specificities (GARY and HANDWERK, 2001; MEYERS, 204). The lighter
fractions condense and are collected at the top of the distillation column while the

heavier fractions are collected at the bottom

® RNEST, the most recergfinery of the Brazilian refining park, has only the first stage (ADU), being the

atmospheric residue sent straitght to the delayed coking unit.

"The pressure varies as cargods fractions volatili

vacuumin it.
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The straightrun fractions produced consist of liquefied petroleum gdsgs
and heavynhaphtha, kerosendiesel, atmospheric gasoil, and atmospheric resiiueh
products may be treated as finished products, except for the atmospheric residue, or can
be mixed with other streams and routed downstream process units (SZKLeD al,

2012).

The atmospheric residue, whigtould not be vaporized under theisting
operating conditions of pressure ameimperature,is further fed to the vacuum
distillation unit,which operates at sutmaospheric pressures (KAE3000).

In this unit, the vacuum issed to separate the heaviest part of the crude oil,
since at the atmospheric pressure, the high temperatures required to vaporize them may
cause thermal cracking, product discoloration and inlays in the equipment, due to coke
formation (GARY and HANDWERK?2001). In this stage, light and heavy vacuum gas
oil and vacuum residue are produced. The vacuum gasoils can go to the catalytic
cracking unit or straight to heavy fuel oil pool, and the vacuum residue can proceed to

the delayed coking unit, in orderbe transformed in higher value products.

2.1.2. Alkylation

The alkylationreactioncan be described as a combination of isobutanes and
light olefins, in the presence of an acid catalystS@, or HF) at low temperatures
(MEYERS, 2001).The obtained alkylate osists of branched hydrocarbons that have a
high octane numbé&iVASHKINA et al, 2019)

This reaction produces higittane gasoline from tHgght naphtha cuproduced
in the atmgpheric distillation unit.In a context of increasingly restricted fuel
spedfications, there is a growing demand for alkylation urfiléASHKINA et al,
2019).

2.1.3. Catalytic reforming

Catalytic reforming isone of the most important processes lfagh-octane
gasoline manufacture anaromatic hydrocarbons productigfiVANCHINA et al.,
2015.

The procesds based on the principle of changing the structure of chemical
bonds in the hydrocarbon aromatic structueiad it isextremely dependent on the
selectivity and conversion capacity of the catalysts sel¢ S @HAEFFERet al, 2012.
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Larger molecules are broken into smaller to insert complex structurdsatreat higher
octane number (KANCIJANL al, 2015).

In addition to promoting the octane increase, this unit is responsible for
producing hydrogen, which can be sent to oth&éneey units, such as the HDT and
HCC (SCHAEFFERet al, 2012).

2.1.4. Propane deasphalting

The propane deasphalting process separates oil from carbon rich components,
resins, and asphaltenes making possible to convert it to lube stock, or into feedstock for
other secondary processing facilities (SPEIGHT, 2011).

The load is initially sent to an extractor, where the separation of the deasphalted
oil and the asphalt is promoted, then the mixture is heated, in order to vaporize the
solvent, to promote the sepaost of the solvent by flash and return it to the extractor,
and finally the product is purified in a stripper (SCHAEFFR&ERIL, 2012).

The deasphalted oil is normally used as a feedstock for a fluid catalytic cracking
unit or for a hydrocracking unit (5fGHT, 2011).

2.1.5. Fluid catalytic cracking (FCC)

The HRuid catalytic cracking(FCC) process is used to convert heavy cuts of
hydrocarbons in lighter hydrocarbons, of higher economic value, in the presence of
catalysts. Their input is usually composed ofwyeand light gas oils from distillation,
coking and dasphalting unitsin the specific case of Brazil, in addition to the FCC
units there arethe RFCC (Residie catalytic crackingunits, which have as input the
atmospheric residue producedthg atmospheric distillation unit (SZKL®t al, 2012)

According to GUANet al (2019) theprocess is composed of three steps:
reaction, product separation, and catalyst regenerdtiostly the load is prbeated.

Then, this chargeontacts the heated catsil and is sequentially atomized with steam to
increase cracking and vaporization. Reactions, for the most part, occur in the reactor.
The reaction products then proceed to the fractionator, in which the fractions of interest
are separated and collectedheTcatalyst does not proceed to the fractionator but is sent
to the regenerator so that the coke deposited os liiurned in the presence of air
(SZKLO et al, 2012).
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Although the FCC unit consumes a laagaount of energy in the form dédiel,
electricity and steam to regenerateetlcatalyst, preheat the chardegctionate the
products and inject air into the regenerator, it produces large amounscafmbustion

gases thawvhen recovered, can generate {&KLO et al, 2012)

2.1.6. Hydrocracking (HCC)

The catalytic hydrocracking unit (HCC) is one of the most versatile processes in
a refinery, as it is capable of converting vacuum gas oils, light recycléatsFCG
heavy coking gas oils, deasphalted oils, among other heaypyobycts, into light
products (SZKLCOet al., 2012).

According to GARY and HANDWERK (2001the process in a HCC unit
occurs as follows: the incoming charge is fed into a reactor through a furnace along with
hydrogen and recycle gas (high hydrogen content). The effluent exitengetctor
passes through heat exchangers and is directedighgressureseparator where the
hydrogenrich gases are separated and sent back to the first stage of the process. The
liquid product is separated and sent to a distillation column in wighhfractions are
produced and where the bottom products are used to feed the second stage of the
process. Théoad sent to the second stage is mixed with hydrogen and sent to a second
reactor, where temperatures and pressures capable of convertingdftoni®% of the
volume are maintained.

Unlike the FCC unit, the HCC is not a net energy produdewever, since the
hydrogenation raction is exothermic, the unit requires less energy than the FCC.

addition,the process requires large amounts of hydrogen (SZKt.&l., 2012).

2.1.7. Delayed coking

Delayed cokingdDCU) is essentiallya norcatalytic thermal cracking process, in
which theload which is usually asacuum residue, is transformed in gasoils, naphtha,
fuel gases and petroleum coke (SZKEe@al, 2012).

Generally,a DCU is composed of eoking furnace, two coke drums, a main
fractionator ancheat exchanger networksIMA et al, 2016). The loads initially fed
into the fractionator, in which the light frambs are removed and theavy onesare
condensedand directed to the furnac&hereafter, the mixte proceeds to one of the

cokedrums where there is coke formation and thenldhd flows to the parallel drum
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which is initially empty. When the secoddum is completely filled, steam is injected to
remove the gaseous hydrocarbons impregnated into the solid residue, which are directed
to the fractionator and then the coke produced is rem@@&RY and HANDWERK,
2001)

Sincedifferent residual feedstocksan be handlebly this unit, it is known as a
highly flexible process, whichbesides increasing the yield of light fractiogs
environmental and economaxlvantagesbecause it does not produce bottom products

which require tankage and cutter stock MA et al, 2016).

2.1.8. Hydrotreatment units (HDTS)

Hydrotreatment unitsnainly aim atremoving, through catalytic hydrogenation
reactions, sulfur, oxygenated, nitrogenous and organometallic compounds from the oil,
which can deactivate catalysts in units sashFCC, HCC and catalytic reforming,
(SZKLO et al, 2012).

The hydrotreatment reactions differ according to a setpefational variables
that definethe severity of theinit. The severityin turn,determine the spéication of
the final product, andhe greater the severity, the greater the consumptibgdybgen
(SZKLO et al, 2012). MildHDTs are usually employed for sulfur and olefresnoval
while severe HD¥ remove larger concentratioassulfur, aromatic rings and nitrogen
(STANISLAU et al, 2010).

Just as they treat the input and output streams foF@@ and/or HCC units

they are used to meet the increasingly stringent specifications of petroleum derivatives.

2.1.9. Hydrogen generation unit (HGU)

In a refinery there are two ways to producerogen. The first one is through
the catalytic reforming unit, as previously mentioned, and the second with theyéydro
generation units.

Besides the production of hydrogen via powegas (SILVA, 2017) the
hydrogen production processes are the stedorméng of natural gagincluding its
variant called autthermal reformingpr of light oil fractions, and the partial oxidation
of heavy fractions of hydrocarbof&ARY and HANDWERK, 2001)However, the
most common process in oil refineries around tloeldy and especially in Brazil is the

steam reforming(SZKLO et al, 2012). Moreover, according to GARY and
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HANDWERK (2001), matural gas is themost common reagent used in hydrogen
generation unitssince it fulfills all the requements for the reformer's feadd presents
low cost

The main chemicalreactions that make up the stages of steamreforming

process are presented below:

Reform:
CH,+H,0O Y CO,+ 3H (1)

Shift conversion:
CO+H,0 Y L0, )

Methanation:
CO +3H,Y CHH,0 3

CO,+4H,Y CH 2H,0 (4)

2.1.10.Cogeneration

The cogeneration process consists of abmbinedproduction of thermal and
electrical energy. The engine produces firstly electrical power while thermal energy of
the exhaust gases is converted into steam in thieréeovery boiler (NAJJAR000.

The most common cogeneration plants in refineries consist of a gas turbine
equipped with a heat recovery steam generator and a set ofptemsskire steam
turbines. Electricity is produced through both the gas turbine and the steam turbines
while seam is made available to the refinery processes at the required pressure and
temperature level (CONCAWE, 2012).

The next chapter presents the methodology followmdthis thesishy, firstly,

introducingthe GAMS tool, used to develop the ORI@Nde| and,then detailingthe

model framework.
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3. Methods

The methodology followetdy thisstudy consists, firstly, in #hdevelopment of
the ORION (Oil Refining Industry Optimization and syNergiganework in GAMSI
General Algebraic Modelingystenf, with the calibration of théase yeain order to
characterize the Brazilian oil refining system al&fine from what conformation it will
evolve Then, the scenarios definition stiggerformed and the required ddtase- olil
products demands, sulfur consirtgi crude oil prices ete.for each chosen scenario is
collected.As already mentionedhree different scenarios were developed in terms of
oil productsdemands: the Shadow scenabasedon the evolvement dhe current oil
refining industry and the energy and transport systems, without changes in current
policies the Cloudy scenario, which takes into account the announced policies and
targetsboth for oil refining and for the energy and transportation syst@s a whole,
envisagingthe mobility in the transport system for thexh few years; and the Shiny
scenario, beinghe mostdisruptive among the three scenarios, since it considers an
accelerated energy transition to reach the goals associated to dtinaeige, clean
energy and clean aifFor each onghe model is rumndera multiregionaland asingle
regional framework, in order to analyze, in each case, whether there is an advantage or
not in having a regional moddh addition, for each case preuisly mentioned, two
options of heavy fuel oil specifications were taken into accoumt, | i ght of t he
regulations to reduce sulfur oxides (SOx) emissions fronssHipus, a total of twelve
different results arelsained, fourfor eachof the threescenaris mentioned aboveas
illustrated byFigure3-1.

® The solver used to perform the optimization step is CPLEX, which is well adapted for large scale linear

programming models.
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As the ORION results depend doreign trade flows(imports/exports of oil
products), andhese flows are related to the international market priaesested
optimization approach was carried outhus, aworldwide multiregional model
OURSE Qil is Usedin Refineries to Supply EnergyLANTZ et al, 2005) is run for
each previously defined scenario, in ordeptovide marginalalues associated to the
products demand constraintghich are used in the Brazilian moda$ CIF prices for
imports and FOBoricesfor exports.Once these values are defined, the ORION is run
for all the defined scenarioand for each one, bothe multi-regionaland thesingle
regional configuratioparerun, in order to test the relevance of havingalti-regional
model Fnally, the results are obtained and analyzesl.already mentionedhe main
objective of the present study is the development of a consistent and calibrated
optimizationmodel for the Brazilian oil refining industrgn opensourcetool that will
help spcialists and actors ahe petroleum refining sectdo make decisions and
strategize about the paths that can be taken in the coming fyepn® 3-2 summarizes
the dep-by-step of the followed methodology

The definition andunsof scenariosn the model serve to test itsliability, as

well as analyze possible future events, regarding the national and global energy and

refining system.
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The use of a linear programming (LP) model for refinerggsesents eelevant
tool, with a reasonable level of precisiotg deal withseveral process units, with
different yields depending on the type of feed and the mode of operation employed,
variousfinal products,whosespecifications vary from region to region of the world,
anddistinguisheddlemanddor liquid fuels

Besides, its solution consists of two parts: the gliend the dual solution. The
primal solution gives the optimal values of primal decision variables (REMMA,
2009) including, in the case of the pnetsstudy, the set of investments in additional
units; the operating capacities levels; the crudecaisumption; the imports, exports
and national trades of petroleum products; thevdldetween processing units; the
processing units utilities consumption; aheé refineries total COemissionsThe dual
solution, in turn,is related tothe marginal oropportunity costs assigdeto each
outcome of the primal problem (REMME& al, 2009). In shortthe dual values are
associated to the equations of the primal probkemd the reduced costs (slack variables

of the dual problem) are associated to the varsabléhe primal problem.

The following section briefly describes the GAMS td®éction 3.2. depicthe
nested optimization approach performieg this study pregnting in more detail the
OURSE model and how it wased in order to provide the necessary information to

ORION. The model framework is presented on Secti@ 3.

3.1. GAMS - General Algebraic Modeling System

GAMS 1 General Algebraic Modelin§ystem is a highevel modeling system
used for mathematical programming problems (MCCARL al, 2014). It was
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developed in order to provide a hitgvel language for the compact representation of
large and complex models, to allow changes in model fi@®mNs in a simply and

safe way, to avoid ambiguous statements of algebraic relationships, and to permit model
descriptions which are independent of solution algorithms (ROSENTHAL, 2007).

GAMS offer an open architecture in which eaeker can use his word processor
or editor of choice. Linear, nonlinear, mixed integer, mixed integer nonlinear
optimizations and mixed complementarity problems che accommodated
(ROSENTHAL, 2007).

According to MCCARLet al (2014), GAMS can be used to de) at least three
different approaches: solving an optimization problesolving an economidased
general equilibrium problem; and solving a nonlinear equations system.

The structure of the model consists of a GAMS input file, where the user can
detail he sets (indices of a problem), variables, data (through parameters, tables and
scalar), equations (equalities and inequalitiesid call themodel 6 S; and @l ver
GAMS output file conprising a compilation output an execution output, an output
producedby a solve statenm¢, andan error reporting The compilation atputis the
output produced during the initial check of the progita®mg composed of aecho
print of the model ¢onsists of dist of the input with thelines numbers addgdan
explanationof any errors detected, and the m&Bgmbol Cross Referent’e Symbol
Listing'!, Unique Element Listintf). The execution output is the outptitat comes
from t he® siagmentt lisaygnérated while GAMS is performing the data
manipulation The outpt produced by a solve statement compridesuput poduced
as a result of a solve. tonsistsof an equation listing, a column listing, the model
statisticg(provides details on the size and nonlinearity of the mpdéke solve summary
(presents results dke solver status and model status for the propleenvalue of the
objective function the number of iterations used by the solvamong other
informatior), the solver report(displays diagnstic messages if the model detects

°® GAMS has over fifty options of solver for mathematical programming models (GAMS, 2019).

19 ists the symbols (identifiers) from the model in alphabetical order, identifies them as to type, shows
the line numbers where the symbols appear, and classifies each appearance (GAMS, 2019).

1 Groups all identifiers alphabetically by type and list theitih their explanatory texts (GAMS, 2019).

12 Groups all unique elements first in entry order and then in sorted order with their explanatory texts
(GAMS, 2019).

13 Used to request the display of a result.
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somehing unusug| the solution listingdach individual equation and vable is listed
with four typesof information the lower bound, the level value, the upper bound and
the marginal value}the report summarfpresentdhe numbemof rows or columns that
have een markedas infeasible, unbounded or roptimal), and the file summary
(gives the names of the input and output disk il€snally, if any error is detected
during the modeling process, it will be stopped, and the error will be presented by the
error reporting. It is worthwhile mentioning that a model will never be solved afte
error detection. Thus, it is essential to fix the error and repeat the run.

GAMSO6s application i s ,ptrie possiple @ ifinder s e .
numerous problas applications Wwch covermathematics, finance, statisjcmacro
and micro economicsgricultural economics, economic development, applied general

equilibrium,engineering, chemical engineering, international trades, and others.

3.2. The OURSE model and tle nested optimization approach

As formerlybriefly presentedthe OURSE (Qil is Used in Refineriés Supply
Energy) modelis alinear programming (LPworld-wide aggregated refining model
designed to simulate the world oil product supply for the POLES (Prospective Outlook
for the Longterm Energy System) modeAlso being written in GAMS languagét
includes a representative refinery for nine differegfions of the world (Z1 North and
Central America, Z2- Latin America, Z3- North Europe, Z4- South Europe and
Turkey, Z5- Former Soviet Union (CIS), Z6 Africa, Z7 - Middle East, Z8 China
and Z9- Other Asia)as shown irFigure3-3, and isdesigned to operate over the period
19972030. It comprises all the relevant teckemmnomic characteristics of the oll
refining industry (such as technical processes, inveist and operating costand
pollutant emission factors), besides allowing tiending of biomass based derivatives

(alcohol and ester) as well as GTL (gas to liquid) products
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Figure 3-3 - OURSE model regions

Source: Based on LANTEZt al (2012)

The main inputsof the model arghe oil product demantih terms of both
quantities and specificaiis (LPG, gasoliffé, naphtha, kerosene, jet fuel oil, heating
fuel oil, heavy fuel oili with sulfur contents of 1% and 3.5%bitumen, petroleum
coke, and marine bunkéry the crude oil availability(through nine representative
crude oil types)the CQ emissionsrestrictions and taxes. Regarding the outputs, the
main ones consist ithe refineries thoughput (activity level)the praucts blendingthe
productstrades, the investments (technology dynanuot the refining processesihe
marginal costs of oiproducts (supply prices), arttie pollutant emissiond. ANTZ et
al., 2012)

The rdining scheme considered by the model consisis representative deep
conversion refinerycomprisingan atmospheric distillation unit, a vacuum distillation
unit, a catbytic reforming unit, a gas olydrodesulfurizationunit, a MTBE unit as well
as anETBE, a catalytic cracker and four types loydrocracker,alkylation and
iIsomerization ung, a visbreaking and delayed coking siitANTZ et al, 2012)

The objective functionconsists in minimizinghe refining cos (processing and
investment costthe supply cost(imported crude oil price), the delivery costs of the oil

products to the consumpti@neas angollution permits.

4 Five types of gasoline are described, depending @etane numbers and lead contents.
!5 Several qualities of marine bunker fuels are considered in the OURSE model, in order to apply the

rules of the International Maritime Organization (IMO) with a lowelfur content for these fuels.
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As mentioned earliethe OURSE model is used in this study through a nested
optimization approachAs stated by SINHAet al. (2019, a nested, or bilevel
optimization can be defined as a mathemapecagram, where an optimization problem
contains another optimization problem as a constrhmting each of them theawn
objectives and constraint§he main problem is caliethe uppetevel problem or the
leader and the nested problem is called the ldexesl problem or the followerThe
mathematical formulation with one leader and one follower castdted as follows
(GAMS, 2019):

= e R (5)
st Q. m

y solves

D] o (6)
st Qahn m

Where:

X are the uppelevel variables

y arethe lowerlevel variables

f is the uppettevel objective function
g is the lowetlevel objective function
h are the uppéeevel constraints

k are the lowetevel constraints

The nested approach of this study has two steps: (PtRSE modelupper
level problem)is run for predefinedworld-wide oil product demand scenarjos
providing dual values associated to sleeproducts; (iijhe ORION model(lower-level)
is run, considering theual values given by OURSE agternational products prices
(CIF prices for imports and FOB prices for exppiits its objective functionThese
interactions areorganizedin a way that assurgsroper data exchange between both

models as well as short computation time.

The following section presents the framelwaf the model developed by this

study.
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3.3. ORION Model Framework

Theoptimizationmodel developed by the present study portrays the Brazilian oil
refining systemorganizedinto four geographical logistical blocks (South, Northeast,
Rio de JaneirdMinas Gerais and Sao Paulo), given the connections between markets
refineries and terminaldMENDES et al, 2018)(seeFigure2-2 andTable 4-1). Also, it
considers six international regions (United States, Central America, Western Europe,
Middle East, Africa and Asi®acific) with which the model allows exchanges
(imports/exports) otrude oil and petroleum producBy aggregating refineries into
logistic regions defined by a single representative refinegymodeldoes notonsider
theexchangef intermediate producsmong regionsbut only final products

The final productsrepresented in the model are liquefied petroleum gases
(LPG), naphtha, gasoline, jet fuel dierosene, diesel oil, heafyel oil, heating fuel oil
and coke The demand for these products are exogenous data, and, for the base year, the
source of these tiis the ANP' National Petroleum Agency (ANP, 20d)8as will be
further detailedAs the model is designed to operate over the period-204®, through
five-year periods (tO to t5), h e  p r derdandcfor $hé following years are based on
scenarios tht will be described in Chapter 4

A total of fourteen process units are considered, as detaileidune 3-4, and in
addition to thesethe hydrogen generation and cogegation unitslnvestments in new

additional capacities are allowed from 2(period t1)
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ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; FCC Fluid Catalytic Cracking
unit; RFCCi Resid CatalyticCracking unit; ALKi Alkylation unit; CRi Catalytic Reforming unit; COK Delayed Coking unit;
HDSGIi Gasoline Hydrodesulfurization unit; HDTiNNaphtha hydrotreating unit; HDTK Kerosene hydrotreating unit; HDTD
Diesel hydrotreating unit; HDTl Insteble products hydrotreating unit; UGHHydrogeneration unit.PG1i Liquefied petroleum
gas; LSRN Light straight run naphtha; HSRNHeavy straight run naphtha; AGQAtmospheric gasoil; ATR Atmospheric
residue; LVGO' Light vacuum gasoil; HVGQ Heavyvacuum gasoil; LGO Light gasoil; HGGi Heavy gasoil; DOSP
Deasphalted oil; REDSPDeasphalted residue; LCiOLight cycle oil; SLOi Slurry oil

Figure3-4i Model 6s oi | refining basic

The maininputsand outputs of the model are illustratedrigure 3-5.
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Theequations considered in the model are described below.

Balances of intermediate products

The equations for the intermediate products balance the input quantities
with the output quantities for each product. These equations express thabfrgou
given processing unit, multiplied by the yields of each intermediate product is equal to
the sum of intermediates produced. For the atmospheric and vacuum distillation units,
the yields of the intermediates vary according to the type of oil predeBsr the other
processing units, the yields of a given product is the same, regardless of the crude used.
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Wh e r ;gis the Mield of the intermediate ghact iin the processing unit j, INs; is the
quantity of input fed k in the processing unit Xi;s: is the quantity ofntermediate i

produced by the processing unignd the indexes s ant t represéme region of supply
sandthe period t.

Theflow diagram below displays, for a processing unit, the input feeg) @t
t he vy iJidisterhediate products (XX€ ) .

X
N, wl— 5
S X,

Figure 3-6 - Flow diagram: balance of intermediate products

Balanceof intermediate products streams

The equations for the intermediate products streams balance the streams
produced by a processing unit with their respective destinations.

e B i

8

Where,for a given region of supply s and perioi;s:is the quantity ofntermediate i

produced by the processing uniandP,js:is the quantity of intermediaterouted to

another processing unit j.
The flow diagram below displays, for a processing unit, the input feejl (¢

yvielidseQ(Un inter medgdX@) and ther possibiecdestinations of
them (R, Pio Pia Poy, Poo P22 ) .
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Figure 3-7 - Flow diagram: balance of intermediate productsstreams

Pool of final products

The pools of final products are given by the sum of the intermediate products
produced by each processing unit. The final products considered by the model are LPG,

Naphtha, Gasoline, Kerosene, Diesel, Jet Fuel Oil, Fuel Oil, Heating Fuel Oil and Coke.

©)

Where,in the region of supply s, and periodYt,s:is the quantity offinal productn,

andXsis the quantity of intermediate produgirbduced byhe processing unit j.

Products demand equations

The products denmal equations imply that supply (production, national trades

and imports) must be greater or equal tmded (demand and exports).

Byl dlivma B. EO memie B. [ ® mmfa [ m Ll (10

Byl 3l rmre Lk e 1D

Where for a given period tNT, s 4c are the domestic transportation of producfrom
region of supply $o region of demand, Imp, . 4: are the imports of product from the
region oversea o to the region demandexi, soare the exports of product from
region of supply s to region overseam q4;is the demand of pduct n in the region of
demand dandY, s is the quantity of product n produced in the region of supply
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Bounds onimports and exports

Imports and exports are restricted tye capacity of Brazilian harbors. Thus, for
a given region and period, thenswf imports and exports oflgroductsare limited to
the total capacity of the harboin this case, oil products were classified in light (LPG,
naphtha and gasoline), medium (kerosene, jet fuel oil, diesel and fuel oil) and heavy
products (petroleum coke), the same cl assif
its bounds. The harlbo&apacity was not defined by region of the model, but as a total
of all regionsby productsd <classification, bei ng ¢
appropriate imporéxport region according to its choices#t should be mentioned that

the modehllowsthe expansion of harbors capacity for periods starting fijom t

B.mEO meme By F® 2 e F:{:—ﬂ:i:b_d-liﬂ > 12

Frmy 0k Py 0k =" rt ey T fo > (13

Where, for a given period t and a product classificatiofLight T LPG, naphtha,
gasoline/ Mediumi kerosenejet fuel oil, diesel, heang fuel oil and heavy fuel oil/
Heavy- coke), Impy0,q4,iS the quantity imported, from the oversea region o to the region
of demand dEXpy .ot iS the quantity exported, from the supply region s to the oversea
region o, CapHarbgris theharbor capacity, CapHarhgs is the harbor capacity in the
period t1; AddCapHarbgy:is possible harbor additional capacity to be implemented

Product qualitiesspecifications

Since some final products must meet some technical quality specifications such
asdensity, sulfur contengjctane numbefor gasoline, andetane numbeior diese) the
model describes these specifications in terms of linear equations. It means that) the s
of the quantity of each intermediate product that is part of the pool of a given final
product, multiplied by its characteristic in question, must be lower or equal to the total

amount of final product, multiplied by its required technical specification

J.L_ e (14
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Where Xt is the quanty of the intermediate product d is the characteristic in
queston of the intermediate product ¥i, s is the productiorof final product nb is the
required technical specificationrfthe product n, and the indexes s and t represent the
region of supply s and the period t.

The specifications considered in the model are the sulfur content and density of
gasoline, jet fuel oil, diesel and fuel oil, gasoline octane number and diesel cetane
number.

Capacities balances and constraints

The capacity level of a processing usitequal to the sum of the inpubiis in
the given unit. For the base year (perigyl this capacity level is limited by the
maximum capacity availabl@ultiplied by a capacity factoFor the projection periods
(t1, &, t3, 4y andts) this capacitys equal to the capacity level of the previous period, plus
a possible additional capacity in the current period, if the model deems necessary

multiplied by a capacity factor defined for additional capacities

Ffsw Bgt (15

(16)

«y)

Where given a regiorof supply s and a period €aps; is the level capacity of the
process unit,jINy;s:is the quantity of inputeed k in the processing unitGFsis the
capacity factor of therocessunit j, CFAdds; is the capacity factor for additional
capacities of the process uniapd AddCap;; is the possible additional capacity of the
process unit j. Considering the region of supply s and pegioMaxCapso is the
maximum capacity of the process unit j. Finally, for a region of supply s and petiod t

Capgs.t1is the level capacity of the process unit j.
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Utilities consumptions

The utilities consumptiomepreserd the demand for steam, fuel and electricity
of each processingnit. They also includéhe demand for hydrogen in hydrotreating
andhydrocracking units.

Steam

For the steam balance, three different types of steam are considered: high, low
and medium pressure steaRitstly, the modebperform the total energy balances per
region and period, considering the specific consumptions perndibbtaining their
total demandsThen, the model detaithe high pressur@HP) steambalance The HP
demand can be supplied by cogeneration wnitsilers.The HP surplus is, thenysed
to supplythe medium pressuréMP) steamdemand Therefore the demand for MP
steam can benet firsty by the surplusof HP steam if it existsi and secondlyby
cogeneration units and boilefSnally, the surplu®f MP steamcan be used to supply
low pressurégLP) steam.

The following equations show, respectively, the total energy baldocsteam,
the balances of high, medium and low pressure steam, the balance of cogeneration units,

and the balance of boilers.

a) Total energy balances:

Tme e Bl F OF T e (18

TmO five Bl FrieOF T owe 19

TE e F EiwOF T e (20)

Where, given a region of supply s and a period t, REMDEMyp sand DEMp s are
the total demands for high, medium and low pressure steaph;SCGCGup,s; and
SGpjs: are the specific consumptions of high, medium and low pressure steam,

respectively, in the process unit j, and fzais the levelcapacity of the procesunit j.
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b) High pressure steam energy balance:

{ O e T e (21

F>esMve Fotmee Tm e (22)
[ (23
I ® 3 e 9

Where, considering a region of supply s and a period tusSuis the supply of high
pressuresteam, DEMp s ; is the total demand for high steaRrpdyp siS the production

of high pressure steam, aB#ceyp s 1iS the excess of high pressure steam.

c) Medium pressuresteam enerqy balance:

10 st T i (25
Fooo®ve FoTrmie FOFmve TEO e (26)
(¥l ' (27)
T ® T e (29

Where, for a region of supply s and a period t,\pus the supply of medium pressure
steam, DEMps; is the total demand for medium stedPnpd,p stis the production of

medium pressure steam, aBxiceyp s s the excess of medium pressure steam.
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d) Low pressure steam energy balance:
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Where Supes:is the supply of low pressure steam, DEW; is the total demand for
low steam, andProd p s 1is the production of low pressure steam in the region of supply
s and period t.

e) Balance ofcogenerationunits:

o R e I 42
]l 2 AL . |
1EN TR - e e 53
. 1
| <mt0 g oo L e (34

Where, considering a region of supply s and a period t, ElegHsothe electricity
production, Cagocst, IS the capacity of the cogeneration unit, NGCGOG the
quantity of natural gas used by the cogeneration units, ElecEff is the effiadéncy
electricity productionTurbineEff is the efficiency of the turbin8teamCOGp s ;is the
amount of steam produced by the cogeneration, and Btedaif is the steam

production efficiency.

f) Balance of boilers:
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Where, considering a region of supply s and a peri&eemBOILERp IS the high
pressure steam produced by the boilers, BoilerEff s thboi | er sd ef fi ci €

FuelBOILER tis the amount of fuel consumed by the boilers to produce steam.

Fuel

The fuel balance associated with furnaé¢escalculatedin a mass balance,
considering the specific consumptions per unit, in each region, for each period. In order
to meet the demand for fuel, the model has the option of choosing between natural gas
(with an associated purchase cost), fuel oil and refinery gaddtter being produced
by the refining process itselfynless for the case dfie FCC and RFCC unitgyhere
the fuel considered is the FCC and RH@®0ke, respectively.
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Where, considering the regions of supply s and demand d, and a period t,d-thes
demand for fuel, SCFugkis the specific fuel consumption in the process unit j,;Gap
is the level capacity of the process unit j, Rgelis the quantity of natural gas used to
meet fuel demand, Fuyegls:is the quantity of fuel oil used to meet fuel demand,
Fueks s tis the quantity of fuel gas used to meet fuel demang,sYis the production of

fuel oil, Demo g is the demand for fuel oil, p6stis the production of fuel gas,
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Fuekx stis the quantity of coke used to meet fuel demand, SChisethe specific fel
consumption in the process unit j (in this case FCC/ RFCC), Liaphe level capacity
of the process unit j (FCC/RFCC)c¥sis the production of coke and Degry tis the

demand for coke.

Electricity

For the electridy balancethe estimates derive from the specific consumptibn
eachunit, in each region antbr a period, in an energy basis. To meet the demand for
electricity, cogeneration units are considered, and, if necessary, the electricity is
purchased from the grid.

Fum v Bzl F F%eadr e (42)
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Where, in a region of supply s and in a period t, ElecRasnelectricity demand,
SCElegs, is the specific consumption of electricity of the process unit j; L#pthe
level capacity of the process unit j, ElecGRI the electricity purchased from the

grid, and ElecPragdis the electricity production.

Hydrogen

The hydrogen balance is performed considering the specific consumgtion
eachunit, in each egion andor aperiod.The demands metby thehydrogen produced
in catalyticreforming units andhydrogen generatiomnits through the process of steam

reforming with natural gas
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Where, considering a region of supply s and a period t, DegmislZhe hydrogen
demand,Caps; is the level capacity of the process unit j, SGH2Z the hydrogen
specific consumtion of the process unit jProdHZ2; is the hydrogen production,
YH24cu is the production factor of hydrogen of the hydrogen generation unit, and
PRODHZris the production facto of hydrogen of the catalytic reforming unit.

CO, emissions

As previously mentionedhé modelconsiders accounts for the g@missions
from the each refinery block, which comes mainly from the burning of fuel (natural gas,
fuel oil and refinery fuel) to produce steam, electricity and heat, the grid electricity, and
the production of hydrogen with natural gas. Therefore, the total €d@ssions are
equal to the sum of the quantity consumed of each fuel multiplied for its emission fact
(IPCC, 2006). For the grid electricity, the emission factor considered is the Brazilian
National Interconnected System one (MCJT2018).
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Where in a region of supply s and period©2emissiongare the total C@emissions,

Xiuels,t1S the amount of fuel consumed, and¢E#s the fuel emission factor.

Objective Function

The model’s objective function consists in minimizing the total cost for
supplying ligud fuels demandin present value, i.econsidering all costs for 2015
which incluces the crude oil purchase cost, the fuel and electricity purchase costs to
meetr ef i neryds wutilities demand, the refinin
eventually additional units, and the investment costs of additional units), the oil
products imports costs, the national trades of oil products costs, and tlemiXSions

costs .
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Where OPCis the oil purchase cost, FP@Ge fuel purchase cosGOGCthe cost of
cogenerationCAPEX the capital cost, OPEX¥e operations and maintenance costs,
IMP the imports costs, NTRAD the national trades costs, @@ cost of CQ
emissions,Harbor ExpCost the drbor capacity expansion cost aBXP the exports

revenues.

Each of these elements are detailed below.

Oil purchase cost

Oil purchase cost is defined bdsen the price of each crude oil blend
considered in the model, as well as its import freight price, and the quantity processed

by the refinery in each region and in each period of analysis.
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WhereOPC is the total oil purchasing cost, Pgigés the oil price of the representative
oil (1,2 or 3)in the period tFreight Pricg . s is the freight price of the representative
oil (1,2 or 3), from the oversea region o to the supply regiontise period t Xiis:iS

the quantity of crude oil processed by the refinarthe region of supply s in the period
t, CRF is the capital recovery factor, r is the discount, ratel n is amount of years

between periods (in the present study, nesponds to five years)

The prices for each type of crude blemgutted inthe model are defined
according to arude oilreference pricetaking into account thienpact of differences in
qualities over oil price differential3.he qualities cosideredor the price estimation in
the present study wetbe °APIl and thesulfurlevelEquat i on6s par amet er
on LIMA et al (2012), which obtained such results through a dynamic panel with a
sample of 90 streams over the period of January 2009 tonibece2010. Thusgach
additional unity of °APIresults in a premium of around US$0,002 per dollar of Brent,

and each percent increase of sulfur discount of US$ 0,056 per dollar of Brent.
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Where, considering a period t, Pggeis the crude oil blengrice, @A ARl is the
°API differential between crude oil blend and the referencesililfur, s is thesulfur
level differential between crude oil blend and the reference oil, and.Rrieghe olil

reference price.

Fuel Purchase Cost

This cost refers to the cost of purchasing fuels used to meet the eleengnd
of the refineriesThefuels considered in the model amatural gastefinery gas, fuel oil
and petroleum cokéthis last one only in the FCC and RFCC unifEhe option to
purchaseelectricity from the gridvas made available to the model.
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Where considering a region of supply s and a peridéPC is the total fuel purchase
cost, NGPriceis the natural gas price, Nds the quantity of natural gas consumed,
FOPriceis the fuel oil price, F&is the quantity of fuel oil consumed, F¢® is the
fuel gas price, FGis the quantity of fuel gas consumed, CokeRig¢he petroleum
coke, Coke;is the quantity of petroleum coke consumed, ElecGridPscthe grid
electricity price, ElecGriglis the quantity of grid electricitgonsumed CRF is the

capital recovery factor, and r is the discount.rate
It is important to reinforce that the quantity of natural gas consumed and

consideredin the Equation 52 does not take into account the natural gas used

cogeneation units, sine this one is directly introduced in the cogeneration cost

52



Refining Costs

Refining costanclude variable operating costs, fixed running costs and capital
charges. The first category includes chemical products and catalysts. The second
concerns to labour, maintenance, taxes, insurance and administrative expenditures.
Lastly, the capital charges arelated to new investments, which are composed by the
ISBL investments (inside battery limit$) that include civil works, piping located
within the unit area, electrical installations, instrumentation fetand the OSBL
investments (outside battery limitg)e. anything outside the refining units, such as
product lines, administrative installations and storage facilities. For the present study,
and based on MAPLES (2000), TAVARES al. (200§, and COELHO (2015) it was
considered that ISBL = OSBL.

As themodel is forecasted until 20, reference values were considered for both
operating and investment costs and brought to the year 2015, which is the base year,
through the net present value method.
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Where in a region of supply s and in a periodCAPEX is the investment cost of
adding a new process unit capacity, ISBLtheinside battery limitsosts of a process
unit j, OSBL; is theoutside battery limitosts of a process unit j, AddCapds the

additional capacity of the process unit |, r is the discount @BEXis the operation
and maintenance costs, VQislthe variable operatingpsts of the process unit j, FQM

is the fixed operating cost of the process unit j; @RiFis thecapitalrecoveryfactor.

CogenerationCosts

Cogeneration costs include tloperating and maintenance costs of existing
units, the costs of investing in new units, the operating and maintenance costs of new
units (if any), and theast of natural gas used as fuall, of them brought to present

value
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Where, in a region of supplyasd in a period t{COGC is the cogeneration cost,
CAPEXCOGs,t is the investent cost of adding a new cogeneration unit capacity,
ISBLcog is the inside batteryimits costs of the cogeneration un®SBLcog is the
outside batteryimits costs of the cogeneration unit, AddGags,t s the cogeneration
unit additional capacityr is the discount rate, OPEXOGE)s,t is the operation and
maintenance costd the existing cogeneration units, VQW is thevariable opering
costs of the cogeneration unit, FQd4 is the fixed opeating cost of the cogeneration
unit, OPEXCOGNews,t is the operation and maintenance cobthe new cogeneration
units, NGCOGG; is the cost of natural gas used as fuel in theegeration units
NGCOG;is the quantity of natural gas consumed in the cogeneration GR#sis the

capacity recovery factor, and r is the discount rate

Imports of petroleum products costs

The impots costs consider the FOB (Free-board) prices of each oil product

imported and the freight costs related to the transportation of each of them.
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Where, in a region of demand d, a period t, and an oversea region ardie imports
costs, FOBPriggis the Freeon-board price of the product imported n, FreightRyice
is the freight price of importinghe product n, and imp q4: is the quantity imported of

the product nCRF is capital recovery factor, and r is the discount rate

National trades costs

These costs represent the national trades between Brazilian regions, which mean
the cost otransportation of a given petroleum product from one region to another in the

national level.
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Where for theregions of supply and demand s and d, and the period t, NTR#®the
national trades costs, FreightPrige:is the freight price for the product n, NBy: is
the amountransported of the produn, CRFis the capital recovery factor, and r is the

discount rate

CO, emissions costs

The CQ emissions costs are basedapossible C@taxation, which establishes
values to be paid for a given quantity of £@mitted, and on the amount of €O

emissions in each region and period.
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Where, given a region of supplyasnd a period t, C&sare the CQ@emissions costs,
Pricecoz1is the CQ taxation price applied, C@missions; are the quantities of GO

emitted CRF is the capital recovery factor, and r is the discount rate

Exports of petroleum products revenues

The exports reveres consider only the FOB (Frea-board) prices of each oil

product exported.
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Where EXR; are the exports revenues, FOB Priae the Freeon-board price of the
product exported n, expqt is the quantity exported of the product n, from the supply
region s to the oversea region o, in the peri@@RFis the capital recovery factor, and r

is the discount rate

Harbors expansions costs

As previously mentioned, the model allows the expansion of harborsityapa
The additional capacity, in turn, have associated CAPEX for periods beyond the base

year,that is, for periods starting from t
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Where, for a given period t and a product classification p, Harbor ExpGeshe
harbor expansion cost, CAPEX Harpds the levelized investment cost associated to
the additional harbor capacity, CostExpHarbor is the cost of expanding the harbor

capacity; and r is the discount rate.
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4. Case study

The present chapter presentee tdata inserted in the model. Aseviously
mentioned, lte reference year of the model is 2qab period t0) periodfor which the

calibratiort® stage was carried aut

Processing units capacities

Processing units capacities f@015 are based on data published by ANP
(2018), as preserdin Table 4-1. As previouslymentioned atotal of fourteen process
units are considedg and in addition to these, the hydrogen generatiorcagdneration

units

'8 process of adjusty the parameters of the model, with the objective of obtaining, within the margins of
uncertainties, a representation of the model that is in agreement with observed values, thus establishing

the credibility of the model, demonstrating its ability to regte the real standards.
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Table4-11 Processing units capacitieas of December, 2017

Capacities(million tonnesf/year)
Refinery ADU VDU DSP FCC RFCC ALK REF COK HDSG HDTN HDTK HDTD HDTU UGH(MmZyear) COG (MW)
SOUTH

REFAP 10.57 1.98 112 2.44 0.86 1.65 198 3.80 675.00
RIOGRANDENSE| 0.89 0.36 0.17

REPAR 10.90 4.96 1.68 3.47 0.33 165 1.65 0.99 198 1.98 701.25

TOTAL 22.37 730 168 476 244 0.00 033 251 330 099 000 396 5.78 1376.25 123.90

NORTH/NORTHEAST

RLAM 14.70 6.61 1.98 4.63 3.37 0.33 510.00

REMAN 251 0.36 0.20 0.26 0.50 0.83 150.00

RPCC 1.98

RNEST 6.05 3.93 0.99 4.29 1125.00

LUBNOR 0.43

DAXOIL 0.10

TOTAL 25.77 6.97 0.00 2.18 4.63 0.00 0.26 3.93 387 099 000 0.00 545 1785.00 68.90

RIO DE JANEIRO/MINAS GERAIS

REDUC 12.72 6.01 2.25 2.48 0.63 165 165 066 059 099 3.96 850.12

REGAP 7.93 4.63 2.25 1.26 1.45 1.09 1.19 0.86 2.74 671.25
MANGUINHOS 0.76 0.31

TOTAL 21.41 10.95 225 472 0.00 0.00 0.63 291 311 1.75 1.78 1.85 6.71 1521.37 120.50

SAO PAULO

REPLAN 21.80 10.24 5.29 099 413 291 2.18 7.27 1406.25

REVAP 13.22 6.61 2.25 4.63 050 165 231 099 198 215 225 611.25

RPBC 8.92 4.26 3.30 0.33 0.83 1.39 198 0.86 5.29 1076.25

RECAP 2.81 1.02 0.66 1.32 206.25

UNIVEN 0.46 0.19

TOTAL 4721 21.30 2.25 13.22 1.02 033 231 7.17 786 403 198 215 16.12 3300.00 216.80
TOTAL BRAZIL |116.75 46.52 6.18 24.88 8.09 0.33 3.54 16.52 18.14 7.76 3.77 7.96 34.06 798263 530.10

ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; FCC Fluid Catalytic Cracking unifRFCCi Resid Catalytic Cracking unit; ALK Alkylation unit; CRi Catalytic Reforming unit; COK Delayed
Coking unit; HDSG' Gasoline Hydrodesulfurization unit; HDTiNNaphtha hydrotreating unit; HDTK Kerosene hydrotreating unit; HDTDDiesel hydrotreéing unit; HDTIi Instable products hydrotreating unit; UGHHydrogeneration unit

Source: ANR2018&); ANEEL (2018)
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Crude oils campaigns and yields

Currently, different crude oils are procesfgBrazilian refineries. Howevers
the size of a LP model is approximately proportional to the number of crude oils
consideredLANTZ et al, 2012, the representation of feedstocks in detdid®s not
compensate theodeling processffort. Thus, the crude oil supply has been reduced
three representative crude oil blertdat might include a largest set of crude oil streams
(Table4-2). The first oneis a blendfrom African crude oilsthe second &lend from
Middle Eastern crude oilgnd the thirda blendfrom Brazilian crude oilsThe blends
were made usindata fromPRELIM - Petroleum Refinery Life Cycle Inventory Model,
developed by the Life Cycle Analysis of GBhnds Technologies research group of the
University of Calgary (BERGERSONt al, 2017).Therefore, it wapossible taobtain
the °API,sulfur content and density afach considered crude oil ble(table 4-3), as
well as the yields of each intermediate product in the atmosphéiilation unit, for
each campaidhh comprised by the model, i.e., diesel and napl#mmpaigns Table
4-4), and also the yields of the vacuum distillation \jiable4-5).

Table 4-2 - Crude oil blends

Crude Blend °APl  Sulfur (%wt) Density (kg/m3)
Crude 1 African® 47.88 0.08 788.1
Crude 2 Middle East 3340 163 857.8
Crude 3 Braziliar® 26.9 0.44 8925

'Represented by Agbami crude oil, an extra light, soWfur crude oil produced in Agbami field in Nigeria (EQUINOR, 2019);
’Represented by the Arab Light, a medigravity, highsulfur crude oil produced b§audi Arabig MCCKINSEY & COMPANY,
2019);°Represented by the Bilian oil Marlim, a heavygravity and higksulfur crude oi| and thethe Brazilian Oil Lulaa
mediumgravity and lowsulfur crude oil (BARROS and SZKLO, 2015).

Source: BERGERSORI al (2017; BARROS and SZKLO (2015)

7 Ccampaign, in this case, means to maximize the production of a given product in the atmospheric
distillation unit, through typical yields (GUEDES, 2015).
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Table 4-3 - Yields of the Atmospheric Distillation Unit (mass basis)

Product Crude 1 Crude 2 Crude 3
Diesel campaing

Fuel Gas 0.04% 0.06% 0.03%
LPG 3.00% 1.83% 0.27%
LSR Naphtha 11.96% 5.00% 3.00%
HSR Naphtha 11.00% 5.00% 3.00%
SR Kerosene 4.00% 2.00% 1.00%
SR Diesel 32.00% 34.00% 36.73%

Atmospheric Gasoil 21.00% 25.00% 26.00%
Atmospheric 17.00% 27.11% 29.97%

Residue

Product Crude 1 Crude 2 Crude 3
Naphtha campaing

Fuel Gas 0.04% 0.06% 0.03%
LPG 3.00% 2.00% 1.50%
LSR Naphtha 17.00% 12.00% 9.00%
HSR Naphtha 14.80% 11.94% 10.00%
SR Kerosene 5.00% 4.00% 3.00%
SR Diesel 28.00% 30.00% 34.03%

Atmospheric Gasoil 17.16% 18.00% 16.50%

Atmospheric 15.00% 22.00% 25.94%
Residue

Source MEYERS (2004); GARY & HANDWERK (2001); BARROSand SZKLO(2015);
BERGERSONEet al (2017

Table 4-4 - Yields of the Vacuum Distillation Unit (mass basis)

Product Crude 1 Crude 2 Crude 3
LVGO 37.57% 17.68% 30.10%
HVGO 18.78% 26.22% 34.95%

Vacuum Residue| 43.65% 56.10% 34.95%

Source MEYERS (2004); GARY & HANDWERK (2001); BARROSand SZKLO(2015);
BERGERSONEet al (2017

For the other processing unitthe model adopted fixedverage yields,

according to the technical and scientific literatures
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Table 4-5 - Yields of other units (mass basis)

Product FCC RFCC HCC ALK REF COK
Fuel Gas 3.0% 3.0% 0.4% 5.0%
LPG 14.0% 17.0% 3.8% 17.0% 15.0% 4.0%
Naphtha 7.0%
Gasoline 50.0% 45.0% 20.0% 83.0% 85.0%
Kerosene 25.0%
Diesel 37.0%
Light Cycle Qill 17.0% 18.0%
Light Gasoil 40.0%
Heavy Gasoill 14.0%
Slurry Oll 12.0% 13.0% 13.8%
Coke 4.0% 4.0% 30.0%

SourceMEYERS (2004); GARY & HANDWERK (2001); BARROSand SZKLO(2015);

Products Demands

BERGERSONet al (2017)

As mentioned before, thignal products represented in the model are liquefied

petroleum gases (LPG), naphtha, gasoline, jet fuel oil, kerosene, diesel oil, heavy fuel

oil and heating fuel oil. The demand fbeese products are exogenpasd, for the base
year, tle source of thee data iSANP (201&) and IEA (2017) Also, asthe model is
designed to operate over the period 20080 , t

he product so

demand

years are based on scenarios that will be describ€tapter 4Table4-6 presents the

demands for 2015.

Table 4-6 - Oil products demandsi 2015

Oil Product
(Mtonnesl/year)

Total

LPG
Naphtha
Gasoline
Kerosene

Diesel
Jet fuel oil
Fuel oil
Heating fuel oil
Coke

Region

S D NED RIMG D SP D
1.35 2.90 1.35 1.87
195 3.38 1.56 2.08
484 8.39 3.93 5.29
0.0004 0.0019 0.0013 0.0025
9.66 10.86 7.38 18.78
0.41 1.83 1.22 2.44
2.62 3.03 2.48 5.51
0.30 0.30 0.30 0.61
090 1.91 0.90 1.20

7.46
8.98
22.46
0.01
46.67
5.89
13.64
1.52
492

Source: ANP 2018&); IEA(2017)
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Products Specifications

The specifications considerer were the density ranges for gasoline and diesel,
maximum sulfur content for gasolingjesel, jet fuel oil and heavy fuel oil, and
minimum octane/cetane numbers for gasoline and die=spectively seeTable4-7,
Table4-8 andTable4-9.

Table 4-7 - Density ranges

Oil product | Density range (g/cm?
Gasoline 0.7201 0.750
Diesel 0.835i 0.845

Source: SPEIGHT (2011)

Table 4-8 - Maximum sulfur content

Oil product | Maximum sulfur content (ppm)
Gasoline 50
Diesd 10
Jet Fuel oil 600
Fuel oil 25000

Source:ANP (2018b)

Table 4-97 Minimum octane and eetane numbes

Oil product | Minimum octane/cetane numbers

Gasoline 87
Diesel 48

Source: ANP (2018b)
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Utilities consumptiors

From the literature, it was possible to estimate the typical consumption of
utilities of each refiery process unit seeTable4-10. Although there are variations in
the consumption of utilities for the same unit, depending @n sihpplier of the
technology, local characteristics or even different design considerations, the values used

seek to represent a typical unit
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Table 4-10 - Utilities consumptions

Utilities Unit ADU VDU DSP FCC RFCC ALK REF DCU HDSG HDTN HDTK HDTD HDTI HGU
HP Steam| MJ/ton | 0.00 0.00 0.00 -328.81 -369.91 0.00 -320.59 0.00 61.65 61.65 8220 82.20 102.75 -0.08
MP Steam| MJ/ton | 222.67 167.01 0.00 404.86 0.00 1821.89 0.00 -372.47 0.00 0.00 0.00 0.00 0.00 -
LP Steam | MJ/ton | 0.00 0.00 79.37 -71.44 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
Electricity | kWh/ton| 4.41 7.00 14.71 64.71 7.35 22.06 7353 2647 1471 1471 22.06 22.06 44.12 8.09
Fuel MJ/ton | 933.82 636.76 772.06 2705.88 2705.88 1161.76 2808.82 926.47 772.06 772.06 1161.76 1161.76 1551.47 18.38
Hydrogen | m3ton | 0.00 0.00 0.00 0.00 0.00 0.00 -352.94 0.00 2941 51.47 125.00 250.00 310.7 -1.47

Source: HYDROCARBON PROCESSIN@Q08; MEYERS 2004; GARY and HANDWERK @001); STANISLAUS et al (2010
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CO, Emissions

Total CQ emissions are equal to the sum of the quantity consumed of each fuel
multiplied for its emission factor (IPCC, 2006). For the grid electricity, the emission

factor considered is the Brazilian National Interconnected System one QVI2018).

Table 4-11- CO, emission factors

Fuel Emission Factor (tCO,/TJ)
Natural Gas 56.1
Fuel Gas 57.6
Fuel Oil 77.4
Coke 97.5
Electricity* 0.2553
*CO/MWh

Source: IPCC (2006) and MCCT|(2018)

Crude Oil Prices

The prices for each type of crude blend represented by the model are defined
according to a reference price. The two most commonly used benchmark prices in the
world are WTI and Brent. In the present study, the reference price relates toHsrent.
the bas year the reference price is based ARGUS (2018), and consists of a FOB
(Free on board) price in 20{%able4-12).

Table 4-12 - Reference crude oil FOB price 2015

Crude oil FOB price (US$/bbl)
Brent 53.46
Source ARGUS (2018)

Oil Products Prices

The prices considered for the petroleum products, in the base year, were
obtained iInARGUS (2018), and refer to FOB (Free on board) priaas2015 For
imported products, the freight costs, which will be presented later in this section, must

also be taken into account
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Table 4-13 - Oil products FOB pricesi 2015

Product (IfJnSC$e/f)
LPG 214.8
Naphtha 451.7
Gasoline 528.7
Kerosene 506.9
Diesel 493.5
Jet fuel oil 506.9
Fuel oil 431.3
Heating fuel oll 431.3
Coke 56.1

Source: ARGUS (2018

Fuel Prices

Fuel prices refer to fuels used to meet ¢hergy demand of the refinery. They
include natural gas, refinery gas, fuel oil and petroleum coke. Nevertheless, refinery
gas, as well as fuel oil and petroleum coke have a zero associated cost, as those are by
products of the refinery itself. Thus, onllge costs associated with the purchase of

natural gas and electricity from the grid were considered.

Table 4-14 - Fuel prices- 2015

Product | Price Unit
Natural gas| 15.00| US$/MMBtu
Electricity | 0.22 | US$/kWh
Source: OIL & GAS JOURNAL (2015); ANEEL(2017)

Refining Costs

The refining costs considered in this stuahg based on LANT£t al (2012.
As mentioned before, the capital charges related to new investments, are composed by
the ISBL investments (insideatiery limits) and the OSBL investments (outside battery
limits). For the O&M costs, they are roughly 4% of the value of the investment
(LANTZ et al, 2013 and, in addition, they can be separated into fixed (FOM) and
variables (VOM) costs. In the presestudy, it was considered that each of these costs
represents 50%f the total value of O&Most.

Given that the database for ISBL and OSBL costs dates of 2008, it was
necessary to update it to the base year of the model, that is, 2015, using the CEPCI
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(Chamical Engineering Plant Cost Index). The cost update is performed through the

relation:

F e VvV «

For 2015averageCEPCI was 556.8 and for 2008 it was 575.4 (CHEMICAL

FD

—_ FrlFE

FrIFFE

ENGINEERING ONLINE, 2018).

Table 4-15 - Investment and O&M costs

(66)

PLOnCiFSS Investmgrgtg/:;st Q015 | O&M U(;%‘j,tt)(2015 VOUI\/éé%nS FOM (2015US$/t)
ADU 74.42 2.98 1.49 1.49
VDU 41.70 1.67 0.83 0.83
DSP 61.77 2.47 1.24 1.24

NAHDT 56.56 2.26 1.13 1.13
REF 114.36 4.57 2.29 2.29

KEHDT 56.56 2.26 1.13 1.13

DIHDT 56.56 2.26 1.13 1.13
FCC 189.40 7.58 3.79 3.79
RFCC 189.40 7.58 3.79 3.79
HCC 253.00 10.12 5.06 5.06
HDS 83.31 3.33 1.67 1.67
ALK 446.45 17.86 8.93 8.93
COK 208.31 8.33 4.17 4.17
UGH?! 0.19 0.01 0.04 0.04
HDTI 142.86 571 2.86 2.86
CcoG? 0.97 0.04 0.02 0.02

1UGH costs inUS$Nm®

2Cogeneration costs iH0f US$/MW
Source: Bised on LANTZt al (2012 andROCHEDOEet al (2016)

As the model is forecasted until4m) reference values were considered for both
operating and investment costs and brought to the year 2015, which is the base year,
through the net present value methdthe discount rate used was 10% per year, a

standard value for the refining industry (MHIRA, 2016).
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Freight Prices

The freight costs used in the model are divided into national and international
freight costs. The first concerns the cost of transportation of petroleum products
between the national regions of the model (national tradess), and the second
concerns the freight of importing those products. For national trades, costs are based on
data obtained in COELHO (2015). With regard to international freight, dneyased
on LANTZ et al (2012, with an update to 2015 USD. As tleests presented by
COELHO (20B) were in US$/m3.km, it was necessary to estimate the distances
between national regiongdble 4-16), to finally obtain he values showed ifable
4-17.

Table 4-16 - Estimated distances between Brazilian regions

. Distances (km)
Region
S D NE D RIJMG D SP D
S S - 2700 1200 700
NE_S 2700 - 1600 2000
RIMG_S 1200 1600 - 400
SP_S 700 2000 400 -

Source: Basedn Google Earth

Table 4-17 - National trades freight costs

Region Freigh costs (US$/t)
S D NE D RIMG D SP D
S S 0.00 18.00 8.00 4.70
NE_S 18.00 0.00 10.70 13.30
RIMG_S 8.00 10.70 0.00 2.70
SP_S 4.70 13.30 2.70 0.00

Source: Based on COELHO (2015)

Table 4-18 - Imports freight costs
Oversea region USA CA WE AF ME AP

Freight cost (US$/t) 20.05 20.05 3345 25.62 4047 45.37
SourceBased orLANTZ et al. (2012

For the purposes of simplifying the calculation of national freight, it was only
considered the pipeline modal, although there are atiwes of transportatiom
Brazil, such as maritime, road and rail (CNT, 2Q18) addition, the freight cost was

keptthe same for all petroleum products. Regarding the imports freight costs, they refer
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to shipping costs, from the oversea regions of the model, to the national demand
regions. Again, for the sake of simplification, the costs of an oversea region are the

sane, regardless of the Brazilian demand region.

Harbors Capacities

Harbors capacitieare restricted in the base year (t0) according to the highest
observed value of imports plus expore$ each oil product classificatiom the last ten
years, lased onANP (2018a)(Table 4-19). For the projection years, the model was
given the option of investing in new harbors capacities, under a maximum bound, as
previous explained, thus increasing the imports and exports if nece3sduig 4-20
presents the maximum bound and the cost for expanding the harboitycaphese
values werecalculated based on data reportedSGGHAEFFERet al (2017 and PNLP
(2015) of expected investment portfolio and capacity gamsha Brazilian harbor
system.As a premise of this studyhey remained constarthroughout the horizo of

analysis.

Table 4-19 - Harbors capacities

Oil products Installed Capacity - 2015
classification (Mtonnes/year)
Light* 11.5
Medium? 24.0
Heavy’ 7.5

'LPG, naphtha and gasolir&erosene, disel, jet fuel oil and fuel oifPetroleum coke
Source:ANP (2018a)

Table 4-20 - Maximum bound and cost for harbor capacity expansion

Maximum bound for capacity expansion (Mt/year) 1.3

Harbor capacity costexpansion (US$ityear) 65

SourceBased on SCHAEFFER et al. (201ahd PNLP (2015)

The next section will present and describe the scenarios considered by this study.
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4.1. Scenarios description

This section describes thal products demandcenarios considered in this
thesis, both for the ORSE model as for the RION model, explaining their main
premises.Then the fuel specification cases considered in each demand scenario are
discussed, through the explanation of thO6 s r e g tetluaet sulfornogides o
(SOx) emissions from stspand the road liquid fuels specificationsastly, the crude
oil price scenario considered is presenidutktime period considered is from 2015 to
2040, being 2015 the base year, i.e., the calibrated yegheimodel. Time horizon is
divided in 5year time periods.

As previously explained, the ORION results depend on foreign trade flows
(imports/exports of oil products), and these flows are related to the international market
prices, thus a nested optiration approach was carried out. The worldwide multi
regional model, OURSE (Oil is Used in Refineries t@@y Energy) (LANTZet al,

2012 is run for each previously defined scenario, in order to provide marginal values
associated to the products demandstraints. The behavior of such marginal values in
the analysis horizon is used by the ORION model to calculate oil products prices (CIF
prices for imports and FOB prices for exports).

Again, it is important to mentionthat the construction and simulatiasf
scenarios is not the main objective of this thesis, which actually consists in the
devel opment of the ORI ON model . However,
necessary to perform rounds based on scenaNesertheless, it is relevant to
understandhat other scenarios can be run using the model, which is a flexible and

friendly tool.

4.1.1. Demand scenarios

As previously presented, the demand scenarios considered both for the OURSE
model as for the ORION model consist of three scenana®rms of di products
demandsthe ShadowCloudy and Shinyscenarios.The description and meanirgj

each scenario is given below:

x Shadow scenario:Shadow in the dictionary means a dark area, caused by light
being blocked by an obstacle. And this is exactly what this scenario means, a trajectory

based on the current configuration of the oil refining industry and the energy and
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transport systems, wth has the possibility of improving, but there are no changes
during the analysis period, i.e. the evolvement towards the sustainability is blocked by

the lack of application of public policies and technological improvement.

x Cloudy scenario: This scenaridakes into acmunt the announced policies and
targets both for oitefining and for the energy arichnsportation systems as a whole,
envisaging the mobility in the transpogtstem for the next few yearslowever, it still
presentonsiderable demand for fossil fuels and can be considered as a slow path to
the energy transitionlt is like a cloudy sky It is known that behind the clouds it is
possible to see the sun and aael sky, but the clouds are stilere, hindering the

passage of sunlight and the lightening of the day.

x  Shiny scenario: This is the most disruptive among the three scenarios, since it
considers an accelerated energy transition to reach the goals associated to climate
change, clean energy and clean air. Theene&Bhiny is based on exactly this fact,
because achieving these goals involves the possibility of overcoming the global
challenge of global climate change, and such fact represents success, with the

accomplishment of something brilliant.

All the demand scenariowere constructed based on the evolution of final
energy consumption by secto? ofifNetwh éP od deri ars
and fASust ai naf bfehe Werld ErergypQuttooktstidies developed by
the International Bergy Agency (IEA, 2016; 2017; 2018) amdthe Brazilian case, i.e.

'8 The Current Policies scenario of IEA considers the impact only of the policies and measures firmly
enshrined in legislation by the year of publication of the study. It assumes that only the lower level of
ambition is attained (IEA, 2016; 2017; 2018).

* The New Policies scenario of IEA takes into account no only the policies and measures that are already
in place, but it also the the aims, targets and intentions that have been announced. It provides a sense of
the direction in which the most recent poliaylzitions could take the energy sector (IEA, 2016; 2017;
2018).

% The Sustainable Development scenario of IEA setts out a pathway to achieve the objectives of depicted
by the Sustainable Development Goals (SDGs) of the United Nations. It is also futigdaligth the

goal of the Paris Agreement to hold the increase in the global average temperature to well below 2 °C
above prendustrial levels (IEA, 20172018).
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for the demand scenarios applied in the OF
America), premises about the evolution of final energy consumption in the Brazilian
transportation sectorafhe st udy fACen8rios de Demanda ps:¢

by the Empresa de Pesquisa Energética (EPE p20d8e also taken into account

4.1.1.1. OURSE model

As alreadymentioned, the demand scenarios built for the OURSE model were
based orthe evolution offinal energy consumptiohby sectorof the scenario8 Cur r e n't
Policieso, ANew Policieso aMorttl EdeigwCGutioaki nabl e
(WEO) studies developed by theternational Energy Agency (IEA, 2016; 2017; 2018),
considering the detailedgm®mns in the OURSE modéZ1 - North and Cenall America,
Z2 - Latin America Z3 - North Europe, Z4 South Europe and Turkey, Z5Former
Soviet Union (CIS), ZG Africa, Z7 - Middle East, Z8 China and Z9 Other Asig.
For OURSE©®GSs Z 2 ( feraiges aboutAthee avolutiom )of, finap energy
consumption in the Brazilian transportati ol
para o PNE 20500 published by the)wempr esa ¢
also taken into account.

The <enarios weredeveloped through the use of regional energy demand
growth ratesprojections by sector published the World Energy Outlookstudies
(WEO) (IEA, 2016; 2017; 2018)Since WEO does not present detailed projections by
fuel (eg LPG, gasoline, diesel etc) lmyt"family" of fuel (eg oil, gas, biofuel etc), some
assumptions were made so that the detailed projections could be constructed and
applied in this study.

The oil derivatives agsidered in the OURSE model are LPG, naphtha, gasoline
jet fuel oil, other kerosene, heating oil, diesel oil (gasoil), heavy fuel oil, lubricants,
bitumen, petroleum coke and marine bunkefbe sectors of the WEO studies
considered were industry, transports, buildings and petrochemical feedstockst
fud oil, marine bunkers and bitumen, no sectors were considered, since the WEO
presents scenarios for these fuggdecifically. Table4-21 preserdg the anégies made to
developthe demand scenarios used in this study.
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Table 4-217 Analogiesmade with WEO and PNE 2050 database to create OURSE demand
scenarios

LPG Thedemand grows as the demand for oil in the "buildings" sectc

Thedemand grow as the demand foi oil in the "transports" sector/
Gasoline and diesel Zone 2 they grow according to the oil demand growth published in
(2017), considering the share between gasoline and diesel

Fuel oil and heating fuel oil Thedemand grow as the demand for ail the "industry" sector
Kerosene Thedemand grows as the demand for oil in the "buildings" sectq
Naphtha Thedemand grows as the demand for "petrochemial feedstock|

Petroleum coke Thedemand grows as the demand for coal in the "industry" sect

Jetfuel oil and marine bunkel Thedemand grow as the demand for aviation fuel and marine bun

Bitumen The demandrows as the demand for bitumen

Figure 4-1, Figure 4-2 and Figure 4-3 present the oil productslemand
projections, for each OURSE regiadn, each scenariperformed.Tables showing the

data considered in the construction of such graphs are Aimex Il
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Figure 4-1 - Oil produ cts demands graphs Shadow scenaric OURSE model
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Figure 4-3 - Oil products demands graphs Shiny scenario- OURSE model
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41.1.2. ORION model

For the ORION model, the demand scenariogere alsobuilt based on the
evolution of final energy consumption by s
ANew Policiesdod and fASustainabl e Devel opment
studies developed by the International Energy Agency (IEA,;20067; 2018 and, in
gasol i neds apremisesiamust theé évalution afdiralsenergy consumption
in the Brazilian transportation sector of
20500 published by the Empr & weredasotdkens qui s a
into account.

As for the OURSE modelheé scenarios were developed through the use of
regional energy demand growth rates projections by sector published in the World
Energy Outlook studies (WEO) (IEA, 2016; 2017; 2018). Since WEO wmategresent
detailed projections by fuel (eg LPG, gasoline, diesel etc) but by "family” of fuel (eg oil,
gas, biofuel etc), some assumptions were made so that the detailed projections could be
constructed and applied in this study.

The oil derivatives casidered m the ORIONmModel are LPG, naphtha, gasoline
kerosenegliesel, jet fuel oil, fuel oilheatingfuel oil and petroleum cok& he sectors of
the WEO studies considered were industry, transports, buildings and petrochemical
feedstocks. For jet flieoil no sectors were considered, since IW&EO presents
scenarios for this fuedpecifically present the analogies made to develop demand

scenarios used in this study.

Table 4-22 - Analogies made with WEOand PNE 2050 database to create ORION demand
scenarios

LPG Thedemand grows as the demand for oil in the "buildings" sector

Thedemand grow according to the oil demand growth published in E

Gasoline and diesel (2017), considering the share betwgassoline and diesel

Fuel oil and heating fuel o Thedemand grow as the demand for oil in the "industry" sector
Kerosene Thedemand grows as the demand for oil in the "buildings" secto
Naphtha Thedemand grows as the demand for "petrochemial feedstock"

Petroleum coke Thedemand grows as the demand for coal in the "industry" sectg
Jet fuel oil Thedemand growas the demand faviation fuel

77



Figure4-4, Figure4-5 andFigure4-6 show the oil productdemandprojections
considered in each scenaperformed The tables showing the data considered in the
construction of such graphs are in Anndx II

Although the graphs and tables show the evolution of demand throughailt Bra
i.e.,, not being separated lbggion of the modelfor modeling purposes the growth rates
of demand were applied in each regitased on thelemandgTable 4-6) for 2015
(period t0)previously presentedn this study such rates are the same for all regions,
however, the ORION model has the ability, as mentioned, to apply different rates for
each regdn considered.
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Figure 4-4 - Oil products demands- Shadow scenario

Source: Based on IEA (2016; 2017; 2pa8d EPE (2018b
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Figure 4-5 - Oil products demands- Cloudy scenario

Source: Based on IEA (2016; 2017; 20a8)i EPE (2018b
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Figure 4-6 - Oil products demands- Shiny scenario

Source: Based on IER016; 2017; 2018) and EPE (20)8b

As can be noticed, the Shadow scenario presemesnand growtho practically
all productsby t5 compared to tOrhus, froma total productiemand of 115.Mtonnes
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in t0, a quantityof 133.2Mton is reachedn t5. This representsraoverall growth of
approximately 1%. Specifically for gasoline, diesdliel oil and petcoke, which atbe
mostrepresentativéuels in tQ the demand growstare of 8.5%, 2%, 7.7% and 14.5%,
respectively. For naphtha, thisogvth is of 83%, passing from 9\tonnesin t0to 16.5
Mtonnesin t5. For LPGthe increase isf 8.5%, with demands of 7Mtonnesin t0 and
8.1 in t5. Finally, the only product presenting a decrease is the jet fuelith, its
demand reduced by approximately 1% by 20dthjgared to tOAs this is a baseline
scenario, it was alreadgxpected that the growth in produaiemand would be
considerable

The Cloudy scenario, while still showing growth in demand for almabt
products has a lower overall growth rate than the Shadow scerhaogh not much.
From a total product demand of 11IMBonnesin t0, a quatity of 1259 Mtonnesis
reachedin t5, with an overall growth of approximatel?2.8%. The most gnificant
differences from thelt@dow scenario arin the growing demand pprodud, which are
generally smallerFor instancefor LPG, gasoline, diesel, fuel oil and petcoke, the
demand growths are respectively of 3.636%,9.8%, 6.7%and 13.6%However, in
naphtha case the demand growth igtle higher than in the Shadow scemameaching
about 84.7% between t0 and taastly, for jet fuel oilthe downward tred continues,
and even stronger than in the Shadow scenario, avildlecrease rate of 10.7% in t5
compared to t0

The third and most disruptive scenario, the Shiegctscompletely differently
from the previous two oness expectedlhe first difference is in theverall growth
rate between tO and.t%Vhile the first two scenarios did not have much difference
between their rates, the 8kiscenario presents a rate oveP#wer. Hence, fom a
total product demand of 111Mjtonnesin t0, a quantity of 76.®8tonnesis reachedn
t5, i.e. a decrease 0d81.3%. The differences areven stronger when it comes to the
p r o dsamalysis.In this case, lanost all productslemandslecline between t0 and,t5
with the exception of naphthahich presenan increase of 65,8%.PG and gasoline
showa decrease 0f239% diesel 0f56.2%, jet fuel oil of 40.5%, fuel oil of 13.4%, and
petcoke of 11.3%.

As mentioned earlier, for each demaswnario constructedhe model is run
both with a multiregional as with a singleegional frameworkand withtwo options of
heavy fuel oi | specifications in Ideght of

(SOx) emissions from ship$his means in terms of modelingthat the model will be
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run considering Brazil as a single region, having a large fictional refinery, which is
represented by the sum of capacity of all Brazilian refineries, being able to import and
export from oversea regions, havng no trades internallyas well as a mukiegional
country, considering the four regions previously presenBsmith, Northeast, Rio de
JaneireMinas Gerais and Sao Pa)levhere eaclone has a fictional refinery thas
represented by the sum of cappaf the refineries present in the specified region, and
which can trade with each other as well as import and efjoni'to oversearegions
Regarding the heavy fuel oil specificatidwo differentmaximum sulfur limis allowed
in the heavy fuel oil pochreused, the first one 8.5% and the second one of 0.5%,
thus totaling four different runs for eaohthebuilt demand scenaiso

For each demand scenario presented, the ORION model is run both with-a multi
regionalas with a singleegional framework, in order to analyze, in each case, whether
there is an advantage or not in having a regional model. In addition, for each case
previously mentioned, two options of heavy fuel oil specifications were taken into
accountj n | i ght of the | MOb6s regulations to re
ships as will be further explained@hus, a total of twelve different results are obtained,

four for each of the three scenarios mentioned above.

4.1.2. Oil products spettication

4121 | MOb6s specification

The IMO T the International Maritime Organization is a specialized agency of
the United Nations responsible for the safety and security of shipping and the
prevention of marine and atmospheric pollution by ships (IMO, 2010ay 1O 06 s
regulations to reduce sulfur oxides (SOx) emissions from ships first came into force in
2005, under the terms of | MO6s MARPOL Anne
for the Prevention of Pollution from Ships (IMO, 2019b) . At that time the maximum
value fa sulfur content of marine fuels used for vessels dgpegran Emission Control
Areas(ECAs) was reduced from 1%eight basigo 0.1%weight basisSince then, the
limits on sulfur oxides have been progressively tightened (IMO, 2019b)

In 2016 the IMO annawed it was going ahead with a global sulfur cap on
marine fuels (PLATTS, 2016). From 1 January 2020, the limit for sulfur in fuel oil used
on board ships operating outside ECAs will be reduced from 3.5% to Ovi€ight
basis(Figure4-7).
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Figure 4-7 - MARPOL Annex VI sulfur limits

Source : IMO (2019a)

The | MO6s decision wild@ have autalsompact

crude production, bunker suppliers and refineries. Moreover, it will positively affect the
health of millions of people through reduced SOx and PM (particulate matter) emissions
and a better air quality.

Shipping options comprise the use of exlayes cleaning systems, known as
scrubbers, which will enable the continued use of 4sigifur bunker fuel from 2020,
through the removal of sulfur and other unwanted chemicals by spraying alkaline water
into a vessel 6s e x hau sftheavytfuel @il (HRO); or simply o f
the switch to burning ultriow sulfur oil (ULSFO) (SEATRADE, 2017).

With regard to the oil refining sector, this new specification will undoubtedly
have serious implications in terms of refinery configuration and apesatSimple
refineries that produce a substantial share of their crude run into heavy fuel oil may face
margins pressure, while complex refineries may potentially boost margins with a larger
production of lowsulfur products (LIANG, 2018). Possible moddtions consist of
upgrading fuel oil residues to gasoil grades; reduction of residue production through
changes to a sweeter crude slate; residue destruction, stopping the production of fuel oil;
and desulfurization of residual fuel oil blends with lowlfsu gasoils, through
investments in new process units as hydrotreaters and hydrocrackers (PLATTS, 2016).

Moreover, these modifications, particularly the ones related to the use of low

sulfur gasoils in marine fuel blends might well affect the internatigmees of
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distillates, by increasing their demand, and indirectly influence the operation of
refineries that aim to maximize the production of diesel and jet fuel.

4.1.2.2. Road liquid fuels

The implementation of increasingly stringeoad liquidfuel specifications has
been taking place in recent years in many countMesgtivated by the reduction of
pollutant emissions, it results in the continuous improvement of fuel quality by
reviewing various parameters of the specifications, eitiphasis on thsulfur content
(BONFA,2011).

In Brazil, the orgamesponsible foestablishing anthspecting fuel quality is the
ANP 1 Agéncia Nacional do Petréleo, Gas Natural e BiocombustivElse
establishment of fuel specificatiomsffer according tothe fuel, being gasoline and
diesel the main road liquid fuels in the countag, well as are modified according to
legislative requirementskegarding the inspection, it gipported bythe Fuel Quality
Monitoring Program, established in 1998ith the objective of providing fuel
compliance indicators to the specifications established by the ANP, thus acting as an
element for inducing quality assurance actions by companies or market institutions, and
guiding the inspection actions of the ANP itself (ANP, 2018b).

The gasolingypes sold in the country are gasolinewfithout ethanol, sold by
gasoline producers and importers, and gasolinit, the addiibn of anhydrousuel
ethanolby the distributors, sold to the dealer and then to the final cons{Ah&?,

201%). Since 2015the mandatory percentage of anhydrous fuel ethanol addition to
gasoline, established by the CIMAConselho Interministerial do Actcar e do Alcdsl,
27% in Regular gasoline C, and 25% ireRium @soline C(BRASIL, 2015) With
respect to thenaximum stfur content allowedit has been modified four times since
1998, with 2014 being the last date,emha maximum content of 1200 rkg/(or ppm)

was set for gasoline A and Bg/kg (or ppm)for gasoline C (ANP, 2019aln addition

to the sulfur catent, gasoline in Brazil is also specifieditsyoctane number, expressed

in Anti-Knock Index (AKI) throughthe MON (Motor octane number) or Moter
ASTM D270 method, which evaluates the resistance of gasoline to detonation when the
engineis at full load and at high rotatiorThe minimum octane numbés 87 units
measured by the AKI for Regular gasoline C, and 91 units femRm gasolineC
(PETROBRAS, 2019b)
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With regard to diesekince the creatioonf the National Program of Production
and Use oBiodiesel (PNPB)n 2004 theaddition of biodiesel to diesel came into force
(MELO, 2018). Between 2005 an@007, the addition of 2% wasoluntary. The
obligation came in 2008, with the same 2% (B2), throughout the national territory. With
the maturatiorof the Brazilian market, this percentage was successively expanded by
the CNPE T Conselho Nacional de Politica Energéticathe current percentage of
11.09%* (ANP, 2019b) Considering the maximum sulfur contetite ANP regulation
has been encouraging ovube yearsts gradual decreas€urrently, for road use, diesel
types S1(Q110 mg/kg or 10 ppm)uitable for the new emission control technologies of
new diesel engines manufactured from 2@ S50q500 mg/kg or 500 ppm), proper
for the huge fleet ofliesel vehicles maractured before January 1, 20H2e in force
(PETROBRAS, 2019c)Besides thesulfur content, cetane number is also a key
parameter to ensure bettieselengine performancet is related to the time between
fuel injection and the start @ombustion. The lower the cetane numliee shorter the
ignition delay and the better the combustigmality (ANP, 2019d) Currently, the
minimum cetane number set for-18 diesel is 48 andof S500 dieselis 42
(PETROBRAS, 2019c¢)

Although not considered directly in the model developed by the present study, it
is important to highlight the existingational specifications for ethanol, which can be
found in the Brazilian market in two ways:saanhydrous ethanol, being a mixture
component in the formation of gasoline C; or as hydrous ethanol, marketeunmddio
as a finished fuel, which may be a substitute for gasalisé, can be used on the same
engine type (otto cyclANP, 2019e).The main specifications for this fuere related
to the ethanol content, which should be at lea8b §8Vv) for anhydrous ethanol and
94.9% (v/v) for hydrous ethanol; the alcoholic strength of at least 99.3% (m/m) for
anhydrous ethanol, and between 92.5% ah8% (m/m) for hydrous ethanol; theater
content which should be a maximum of 0.7¢/m) for anhydrous ethanol and 7.5%
(m/m) for hydrous ethanolandthe methanol content of maximum 0.5% (v/v) for both
ethanol types (BRASIL, 2018).

For model simulationpurposes, road liquid fuels (gasoline and diesel)
specificdions had their values consideredtire base perio@Products Specifications

2L Since September 2019, the minimum percentage of biodiesel to be added to diesel satdunttlye
has increased from 10% to 11% (ANP, 2019c).
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section) maintained during the analysis horizofihe same applies to jet fuel oil,
although it is not a road liquid élt

4.1.3. Crude oil price scenario

This section describes the crude oil price scenario considered for all scenarios
analyzed. As formerly presentelietprices for each type of crude blend represented by
the model are defined according to a reference pricielpresent study, the reference
price relates to BrenEor the base year (period t@s previously shownthe reference
price is based 0ARGUS (2018), and consists of a®B (Free on board) price in 2015
of 53.46 US$/bbl.For the projection periods (t1 to tS)he reference price was
calculated based di&A oil prices scenariogIEA, 2016; 2018) more specifically omil

prices growtls.

Table 4-23 - Reference crude oil FOB pice scenario

FOB price (US$/bbl)
t0 tl t2 t3 t4 t5

53.46 82.81 92.24 100.63 110.06 117.40
Source: Based on IEA (2016; 2018)

Regading the prices of fuel (utilities consumptiongfining costs, freight prices,
harbors expansions pricess well as C@emissions factorthey haveconsant values
throughout the time horizobased on the valugsesented in the Case study sectlan.
this context it is important to reinforce that coupling the ORION model to an IAM
could improve such assumptions byrying them over time (which is what actually
happens) since IAMs typically have-depth detail of valuesuch asfuel prices,
technologycosts andjreenhouse ga&HG) emission factors.

The following chapter describes the results obtained with the QRt@del

simulations.
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5. Results

This chaptecomprises the presentation and analysiefresults obtained with
the models simulations performed in this study.is worth noting that these resukise
not forecasts, but rather projections of the possible pathways the Brazilian oil refining
sector might follow, in view of the assumptions adoptdéirst, the results of the
OURSE modehre presentedhat is, themarginal values of oil producta Z2 71 Latin
America, for each scenario previously descriheshd the oil products imports and
exports of thez2?%. Then, the ORION model results by scenariodetiledin terms of
set of investments in additional units, operating capacities levels, crutle oi
consumptionimports, exports and natiahtrades of petroleum productiws between

processing unitgrocessg units utilities consumptiomndtotal CQ, emissions.

5.1. OURSE model resultsi Marginal values ard oil products imports

and exports ofZ2 - Latin America

The results of the OURSE model include the marginal vabdiesl products
between 2015 and 204ihe correspondemrowth rates between periqgdie final price
valuesto be considered for each period of the ORION mae the oil products
imports and exportsf (and from)Z2 (Latin America)

The marginal valueéslack variables of the dual problem) are associaidte
variables of the primal problemas previously explained in ChapterThus, it isalways
important to pay attention to the dual values assoctatdte saturatd constraints of a
problem, especiallyto the dual values of the demand equations. Nevertheless, these
values can be difficult to interpret when they are associatepgrdducts insmal

guantityascan be seen from the retsubbtained in the present study.

2 The results concerning the imports and exports of thie [Z&in America are detailed in order to verify
the consistency of the results obtained in tiagional modelORION with trade between regions as
obtained intheworld modelOURSE
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5.1.1. Marginal Values

5.1.1.1. Shadow scenario

The marginal values obtained for the Shadow scenario are presemtdadan
5-1.

Table 5-1 - Marginal values OURSE model Shadow scenario

Marginal values (USD/t)
Product 2015 2020 2025 2030 2035 2040
LPG 669 800 800 800 800 800
Naphtha 466 530 754 816 861 875
Gasoline 505 569 826 875 893 901
Kerosene | 478 521 675 739 816 879

Diesel 455 515 754 838 956 1035
Jetfueloil | 478 521 675 739 816 879
Fuel oil 343 412 611 664 736 784

Heating fuel oill 444 488 723 809 930 1008
Petcoke 300 300 300 774 871 961

The marginal values for LPG and petcoke exhibit abnormal behaviors. In the
case of LPG, it remains constant from 2020, and in the case of petcoke it shows a high
growth between the periods of 2025 and 2030. This can be explained by two factors.
The first oncerns exactly what was already mentioned before, ie it is difficult to
interpret the marginal values when they are associated to products in small quantity, as
LPG and petcoke when compared to other oil produtcs. The second involves the
characterizatioof such products in the OURSE model. Prices included in the OURSE
model for both LPG and petcoke are fixed throughout the model analysis horizon, and
based on supplies from other sectors. In the case of LPG its price is fixed according to
natural gas price and in the case of petcoke, its prices are based on Tar Sands from
Canada. Thus, their values were disregarded for the calculation of growth rates. In turn,
in ORION it was considered that the LPG and petcoke international price evolution
would folowga s ol i nebés and fuel oil s margi nal

In addition, it is important to note the high growth in fuel oil and diesel values
during the period of analysis, of respectively 127% and 128% in 2040 compared to
2015. This can be explained byhigher fuel oil specification, since OURSE takes into
account the IMO specification of 0.5% sulfur content from 2020 for marine bunker fuel,
and also by a stringent specification for diesel. Another reason for that could be the

switch of use of some intmediate streams to produce diesel, as well as marine
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bunkers. Consequently, the fuel oil is obtained by using also some intermediate

compounds, which have become more expensive.

Finally, such resultseflect the demand scenarios appliem the model thus

possible large increases or decreases camterstoodis a consagence of the demand

evolutionsconsideredTable 5-2 presentghe calculated marginal values growth rates

for the Shadow scenarid.able 5-3 and Figure 5-1 both presenthe evolution of oil

productso

pric

€es

to

be

consi

dered

Table 5-2 - Calculated marginal values growth rates- Shadow scenario

Growth rates (%)

Product 2015 2020 2025 2030 2035 2040
LPG - 13% 64% 73% 77% 79%
Naphtha - 14% 62% 75% 85% 88%
Gasoline - 13% 64% 73% T77% 79%
Kerosene - 9% 41% 55% 71% 84%
Diesel - 13% 66% 84% 110% 127%

Jet fuel oll - 9% 41% 55% 71% 84%
Fuel oil - 20% 78% 93% 114% 128%
Heating fuel ol - 10% 63% 82% 109% 127%
Petcoke - 20% 78% 93% 114% 128%

Table 5-3 - Oil products' prices to be considered in theORION model - Shadow scenario

oi | productsdé pric
Product 2015 2020 2025 2030 2035 2040
LPG 215 242 352 372 380 383
Naphtha 452 513 731 791 835 848
Gasoline 529 596 866 916 935 944
Kerosene | 507 553 716 784 866 933
Diesel 493 558 817 909 1037 1123
Jet fuel oil | 507 553 716 784 866 933
Fuel oil 431 517 768 834 924 985
Heating fuel oill 431 473 702 785 902 978
Petcoke 56 67 100 108 120 128
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Figure 5-1 - Oil products prices - Shadow scenario

5.1.1.2. Cloudyscenario

The marginal values obtained for tG®udyscenario are presentedTliable5-4.

Table 5-4 - Marginal values OURSE model Cloudy scenario

Marginal values (USD/t)
Product 2015 2020 2025 2030 2035 2040
LPG 669 800 800 800 800 800
Naphtha 466 531 752 814 858 872
Gasoline 505 566 821 874 891 899
Kerosene | 478 519 663 712 802 844

Diesel 455 510 741 806 927 985
Jetfueloil | 478 519 663 712 802 844
Fuel oil 343 408 605 655 722 760

Heating fuel oil 444 484 710 777 897 955
Petcoke 300 300 300 460 867 955

As in the Shadow scenario case, the marginal values for LPG and petcoke
exhibit abnormal behaviors. Again, in the case of LPG it remains constant, and in the
case of petcoke it shows a high growth between the periods of 2025 and 2030. As
already pinpointedthis can be explained by the same two factors as before. Thus, these
values were again disregarded for the calculation of growth rates. Once more, it was
considered t hat for LPG the growt h fo

tendency, and for petkoe , t he growth foll ows fuel oI
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Also, although smaller than in the Shadow scenario, the results show a high
growth in fuel oil and diesel values during the period of analysis, of 121% and 116%
respectively. Again, it can be explained &yhigher fuel specification, and also by a
switch of use of some intermediate streams, which can be more expensive, to produce
the final products. Nevertheless, the overall growth is lower than in the case of the
Shadow scenario, which is a consequenci@fscenario demand that, although not so
far from the Shadow scenario, already present some reduction in demand for most oil
derivatives.

Table 5-5 presents the calculated marginal values growth rates for the Cloudy
scenario.Table5-6 andFigure5-2 bothpr esent t he evolution of
be considered in th@RION model.

Table 5-5 - Calculated marginal values growth rates Cloudy scenario

Growth rates (%)

Product 2015 2020 2025 2030 2035 2040
LPG - 12% 63% 73% 77% 78%
Naphtha - 14% 61% 75% 84% 87%
Gasoline - 1% 63% 73% 7% 78%
Kerosene - 9% 3% 49% 68% T77%
Diesel - 12% 63% 77% 104% 116%
Jet fuel oil - 9% 3% 49% 68% T7%
Fuel oil - 1% 76% 91% 110% 121%
Heating fuel oil| - 9% 60% 75% 102 115%
Petcoke - 19% 76% 91% 110% 121%

Table 5-6 - Oil products' prices to be considered in the ORION mode} Cloudy scenario

oi | productsd pric
Product 2015 2020 2025 2030 2035 2040
LPG 215 241 350 372 379 382

Naphtha 452 515 729 789 831 845
Gasoline 529 593 860 916 934 941
Kerosene 507 551 703 755 851 895

Diesel 493 553 804 874 1005 1068
Jet fuel oil | 507 551 703 755 851 895
Fuel oil 431 512 760 823 907 955

Heating fuel oill 431 470 689 754 871 927
Petcoke 56 67 99 107 118 124
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Figure 5-2 - Oil products prices - Cloudy scenario

5.1.1.3. Shiny scenario
The marginal values obtained for the Shiny scenario are preseritadle5-7.

Table 5-7 - Marginal values OURSE model Shiny scenario

Marginal values (USD/t)
Product 2015 2020 2025 2030 2035 2040
LPG 669 800 800 800 800 800
Naphtha 465 519 752 794 834 916
Gasoline 504 559 827 864 889 905
Kerosene | 477 507 619 653 689 701

Diesel 455 499 686 722 773 780
Jetfuel oil | 477 507 619 653 689 701
Fuel oil 343 399 593 634 687 698

Heating fuel oil 444 472 657 697 747 756
Petcoke 300 300 300 300 300 300

As inthe Shadow and Cloudy scenarios caties marginal valueor LPG and

petcoke exhibit abnormal behavioAgyain, in the case of LPG it remains constant, and

in the case of petcoke it shows a high growth between the periods of 2025 and<2030.

before these valuesvere againdisregarded for thealculation of growth rates and the

same assumptions were considered for estimation their growth rates.

Also, as for the previouscenarig the results show aigh growthi but

considerably smallethein in thetwo preceding casesyhich is a consequence of the

demand scenarioonsideredthat in this case presents a hugeluction in demand for
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most oil derivatives Specifically forfuel oil and diesel the marginal values show a
growthof, respectively, 103%nd 71%

Table 5-8 presents the calculated marginal values growth rates for the Cloudy
scenario.Table5-9 andFigure5-3 bothpr esent t he evolution of

be considered in the ORN model.

Table 5-8 - Calculated marginal values growth rates Shiny scenario

Growth rates (%)

Product 2015 2020 2025 2030 2035 2040
LPG - 11% 64% 71% 76% 79%
Naphtha - 11% 61% 70% 79% 97%
Gasoline - 11% 64% 71% 76% 79%
Kerosene - 6% 30% 37% 44% 47%
Diesel - 10% 51% 59% 70% 71%
Jet fuel oil - 6% 30% 37% 44% 47%
Fuel oil - 16% 73% 85% 100% 103%
Heating fuel oil] - 6% 48% 57% 68% 70%
Petcoke - 16% 73% 85% 100% 103%

Table 5-9 - Oil products' prices to be considered in the ORION mode} Shiny scenario

oi | productsd pric
Product 2015 2020 2025 2030 2035 2040
LPG 215 238 352 368 378 385

Naphtha 452 503 729 770 809 888
Gasoline 529 586 866 905 931 947
Kerosene | 507 538 657 693 731 743
Diesel 493 541 744 783 839 846

Jet fuel oil | 507 538 657 693 731 743
Fuel ol 431 501 745 797 864 877
Heating fuel oill 431 458 638 677 725 734
Petcoke 56 65 97 104 112 114
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Figure 5-3 - Qil products prices - Shiny scenario

This section presents the results of imports and exports of oil pramfuc®s for

5.1.2. Oil products imports and exports oZ21 Latin America

2040

each of the scenarios conside(&thadow, Cloudy and Shiny), between 2015 and204
(seeTable5-10). At the end of Chapter 5, in theiftussionsection,thesefigures are
compared to the results obtained in the ORION model for fuel imports to (and exports
from) Brazil, to check the consistency of the proposed nested optimiztiare Brazil
represents approximately 50% of Z2 in terms of oil prodtreides in the OURSE

model, it isassumedhat impors and expou flows for Brazil shouldbe capped by this

Table 5-10- Oil products imports and exports of OURSE's Z2- Latin America

2015 | 2020 | 2025 | 2030 | 2035 | 2040
Mtonnes/year
Shadow
Imports 2367 27.75 3215 3620 30.83  43.47
Exports 381 1396 882 464 2010 3524
Total 2748 4171 4097 4084 59.93 7871
Cloudy
Imports 2367 2639 2002 3182 3399 36.17
Exports 381  17.75 1647 277 2244  18.26
Total 2748 4414 4550 3459 5643 54.43
Shiny
Imports 23.67 2298 2231 2195 2668 28.85
Exports 381 849 1012 1507 2450  20.33
Total 2748 3147 3243 37.02 5118 49.18
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In 2015, the total flows of Z2, in all scenarios, are a#8Mtonnes/yearbeing
23.67 Mtonnes/year of imports and 3.81 Mtonnes/year of expGudasidering that
Brazil represents 50% of the Z2 in the OURSE model, its total flow would be about
13.7 Mtonnes/yearbeing 11.8 Mtonnes/year of imports and 1.9 Mtonnes/yga
exports.
Total imports and exports growth between 2015 and 2€d€hedl86% or 51.2
Mtonnes/yearfor the Shadow scenari®8% or 26.9 Mtonnes/yedor the Cloudy
scenario; and@9% or 21.7 Mtonnes/yedor the Shiny scenaui In addition, it is worth
noticingthat exports gain space in the tatakrnationalflow over time.While in 2015
they represent about 14% of total Z206 1int el

for the Shadow scenario, 34% for the Cloudy scenario, and dd&ef Shiny scenario.

The next section presents the ORION model results.

5.2. ORION model results

Fdlowing the methodology procedure diis study (Figure 3-2), using the
results of marginal valuefr oil derivatives obtained from the OURSE model, the
Shadow, Cloudy and Shiny scenarios were run in the ORION madgbrding to the
stepby-step presented yigure3-1. The results obtained in the ORION model consist
of crude oil consumption by type of crude and by campaign available in ttel,nod
derivatives production, oil derivatives imports and eiqopil derivatives national
trades (for the muHiegional cases), capacity levels of processing units, utilities
consumption, C@emissions costs- refining processing costs (crude oil purchase,cost
fuel purchase costD&M costs, imports costs) ankdivestments costs (refiningnd
harborsexpansions costs and exports revenuebor the runs of themulti-regional

scenarig, all these resultwere alsambtained by region of the model.

5.2.1. Shadow scenarig

The Shadow scenaris run for thefour cases preséed inFigure3-1, that is the
multi-regional case wthout (Shadow 1) and with (Shadow 1A)eavy fuel oill

specifcations fromtl i n | i ght of the | MO&6s regul ati ol
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emissions from shipfuel, andthe singleregional casewithout (Shadow 2) and with
(Shadow 2AYhe heavy fuel oispecification.

Crude oil consumption

The results focrudeoil consumptio are presented, firstly by type ofudeoil
(crude 1, crude 2, crude &nd campaigidieseli crude 1d, crude 2d, crude 3d; naphtha
i crude 1n, crude 2n, crude 3n)each period of tim@0, t1, t2, t3, t4 and t5).hen, for
the Shadow 1 and Shadow B&enarios, which are multegionalcasesthe results of
crude oil consumption are presentaygtype of crudeoil (crude 1, crude 2, crude,3)
campaign(diesel and naphthand region of the modés_S, NE_S, RIMG_S, SP..S)

Shadow 1 Shadow 1A

Period

Berudeld Bcrudeld BMcrude3d Bcrudeln Berude2n  Berudedn

Shadow 2 Shadow 2A

Period

Bcrudeld ®crude2d ®crudedd Werudeln Werude2n ®erudedn Bcmudeld ®crude2d ®ermde3d Wemdeln Semde2n B erudedn

Figure 5-4 - Crude oil consumptionby type of crude oil and campaign Shadow scenarios

From Figure 5-4 it is possible to note thahe consumption of crudail grows
over the time horizon, in all scenarios, whioaturally derives fromthe demand
scenario considered (the demand growths for all oil derivatiVés} is alsgart ofthe
ORION modelresponse, thatonsisted, as will & shown later, othe increase ofhe
refining capacityoperation either through greater utilization tfie existing refining
processing units capacitiesr through investmestin additionalgreenfieldcapacities
At t0, the total cude oil consumptiomeachesl01.7 Mtonnes/year for Shadow 1 and
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Shadow 1A scenarios, and of 105Mtonnes/year for Skdow 2 and Shadow 2A
scenarios.At t5, Shadow 1 presents a total consumption of 131.6 Mtonnes/year,
Shadow 1A of 132.8 Mtonnes/year, Shadow 2 of 129.2 Mtonnes/year and Shadow 2A
of 131.0 Mtonnes/year, which represent respectives growths of 29.5%, 30.7%, 22.7%
and 23.7%.

As can be seen, thetéd consumption of crude oil at tO is higher in tHe8ow 2
and Shadow 2A scenarios. Thigy be influenced byheir singleregional structure,
requires the processing of more crudketo meetthe nationaloil derivativesdemand.
However, at t4 and t5 éir total crude i consumption is lower than thosé Shadow 1
and Shadow 1A.This is a consquence of the lower investmenits additional
atmospheric distillation unftd capacities in Shadow 2 and Shadow 2A, as will be
shown later.

Regarding the crude latconsumption profile,ni all cases, from tbnwards,the
mo d e | 0 s indicagesthel pgre¢erence towardsude 3,with naphthaand diesel
campaignsThe results are in line with expectatipsce crude & the cheapesiption
for the model, a# is anoil produced in the national territory, which theoretically has a
lower price given its characteristicglower °API, higher density, medium sulfur
content), tharthe other two crudes, as well as a lower freight ddsteover as will be
shown, the refimg production profile in all scenarios is aimetl mediumiAieavy
distillates, further justifying its us@ndalsothe use of a diesel campaign addition
given thatthere is a growth igasoline productiarit can be justifiedhe use ofnaphtha
campaign, which has higher yields in light distillates, pared to the diesel campaign
but still has most of its productiatestinated to medium/heavy produdike choice for
crude 3 is in line with the increasing consumption trend, in the last ydatemestic
crude oilby Brazilian refineries, as published by ANP (2018kg(re2-4).

Also, at period t&he Shadow 1 and Shadow 1A scenarios showddition to
the consumption of crude 3 with naphtha and diesel campatgassonsumption of
crudel with naphtha and diesel campaigasd crude2 with naphthacampaign and
Shadow 2 and Shadow 2A scenarios prefiemtonsumption of crude 1 and 2, both
with naphtha andliesel campaignsThis result demorgates a good model calibration

capability, in all scenariosand agood optimizingcambility, since,despite choosingp

% The total crude oil consumption refers exactly to the level capacity of the atmospheric distillation unit

(CAPADU), the primary unit within a refinery, which fractionates the crudes into different cuts.
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use only crude 3 from t1, it identifiekfferent possibilities of crudes am@mpaigns in
thebase yeatrfitting quite well real Brazilian data

Concerning the differences between Shadow 1 and Shadow 1A, and Shadow 2
and Shadow 2Apy the application of a lower sulfur content for fuel i AAO
scenariosShadow land Shadow Zcenaris havea hgher presence of crude 3 with
diesel campaign than the Shadow d4Ad 2A, which may be influenced by the level of
fuel oil production. As Shadow 1A and Shadow 2A scenarios show a lower fuel oil
production from t1 than Shadow 1 and Shadow 2, respectitredy, total crude oll
consumptiorhave lower quantitiesf crude 3 with diesel campaign, which, as already
explained, is more focused on medibedvy distillateshan the naphtha campaign

Figure5-5 and Figure 5-6 presentthe crude oil consumption per type of crude,

campaign and per region of the modal 8hadow 1 and Shadow 1A (mulégional

scenarios).
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Figure 5-5 - Crude oil consumption bytype of crude oil, campaign and region Shadow 1
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Figure 5-6 - Crude oil consumgion by type of crudeoil, campaign and region- Shadow 1A

In both scenarios the region with the highest oil consumption is the SP_S region,
which makes sense due to its higher refining capacity among all regions, as will be
presentedn Processing units capacities section. After SP_S regibt) and tlthe
second mostibconsuming region is the S region and, from t2 ownwards NE_S
becomes the second most-oinsuming regionAlthough S_S region has lower refinig
capacity than NES region, as will be presented, as well as lower demand for
derivatives, it receives fewer trades from other regions than NE_S regjipeariods t0
and tl,as will be shown in the National Trades section, which ultimately forces higher
production of derxiatives and a consequent higher consumption of crude oil in this
region.

Concerning the types of crudes and campaigns in each region, both scenarios
present the same profile consumption at t0,SieS regionshows a consumption of
crude 1 with naphtha ardiesel campaigns, and of crude 3 with diesel campaign; NE_S
region have a consumption of crude 1 with naphtha campaign, and crude 3 with diesel
and naphtha campaigns; RIMG_S region presents a consumption of crude 2 and 3 with
naphtha campaign; and SP_S regshows a huge consumption of crude 2 with naphtha

campaign, and also a consumption of crude 3 with naphtha camphege results are
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a consequence of the scenario of demand for derivatives by region, and are related to
results of production of derivagg by regin, national trades and impogsports by
region.As an examplethe demand for naphtha, gasoline and LPG is higher in NE_S
region than in other regiongjich leads to higher consumption of cruddight crude

oil) with naphtha campaign at i@ this region.On the other hand SP_S region presents

a higher demand for diesel, jet fuel and fuel oil than other regamd,the second
largest demand for light derivatives (LPG, naphtha and gasoltéh justifies the use

of crude 3 with diesel capaign ocused on the production of mediumeavy
distillateg, and also the use of crude 2 with naphtha campaign (medium crude oil, but
with a campaign geared towaiddght/mediumdistillateg.

Finally, in both scenariosydm periodtl onwards all regiors (except for SP_S
region at t4 in Shadow 1, and at t4 and t5 in Shadowhb&g higher consumption of
crude 3 with naphtha campajgbut alsosome consumption of crude 3 withesel
campaign, which balances the production of light, medium and rwbggrivatives.A
basic message here is that the regionalized model bettdrthisepossibilities to
optimize its outpuytthrough different campains and crudes consumption among regions,
for the same period of time.

The following section presents the oil datives production for the Shadow

scenarios.

Oil derivatives production

The results for each Shadow scenario concerning alialerivatvesproduction
by time period are presented beldwr the Shadow 1 and Shadow 1A scenarioschvh
are multiregional cases the resultsare also presented by region of the model (S_S,
NE_S, RIMG_S, SP_S).
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Figure 5-7 - Oil derivatives production - Shadowscenarios

In Shadow 1 and Shadow 2 scenagrisselis the main outpytfollowed byfuel
oil, gasolineand naphthéseeTable5-11, Table5-12, Table5-13 andTable5-14), what
is in line with data published by ANP (2018l. Shadow 1A and Shadow 2A, the
largest production alsmefersto diesel,however fuel oil production is lowefrom t1,
due to the application ahe IMO regulation, makinggasoline the second largest oil
derivative producedollowed by naphtha

Despite this lower production of fuel oih Shadow 1A and Shadow 2A
scenariosit is still sufficient(except at t3*), even under stringent sulfspecification,
to meetthe natioral demandlIn order to achieve this sulfur conditiomyvestments in
additional unstable hydrotreatment units (HDT [) are madavill be shown later.

As regards LPG production,tbugh the Shadow scenario presentggowth in

demand for thi®il derivative, theoptimization ofORION modelreducs its production

24 At period tlthe production of fuel oil considerably reduces in these two scenarios, which is-a short
term response of the model the application of IMO regulation in this perio#it t1, there is no time for
investing in conversion and/or treatment units, and, theports of fuel oilwere needed to cope with
demand However, from t2as it is detailed in the main tethe production is resumed, thus meeting the

demand for this oil derivative, and imports cease.
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throughout the time horizon, thus giving spaoe a higher production obther
derivatives, asaphthafor example, then meeting itemand mainly through impofts
The smallest productioshares(see Table 5-11, Table 5-12, Table 5-13 and

Table5-14), in all scenarios, correspondfteel gas, kerosenpgtcokeand jet fuel oil.

Table 5-11 - Oil derivatives production share- Shadow 1

Oil product to t1 t2 t3 t4 t5

Fuel gas 0.7% 0.7% 0.7% 0.7% 0.7% 0.7%
LPG 4.8% 3.7% 3.4% 3.3% 3.2% 3.1%
Naphtha 17.1% | 11.5% | 12.3% | 12.7% | 13.0% | 12.5%
Gasoline 13.4% | 15.3% | 14.4% | 13.7% | 12.9% | 11.9%
Kerosene 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
Diesel 41.0% | 46.4% | 43.7% | 48.1% | 49.7% | 51.5%
Jet fuel ol 3.3% 2.5% 1.7% 2.0% 2.4% 2.2%
Fuel oil 13.4% | 13.9% | 18.1% | 13.6% | 12.0% | 12.2%
Heating fuel oil 36% | 31% | 3.1% | 3.1% | 3.1% | 3.1%
Petcoke 1.5% 1.6% 1.4% 1.5% 1.5% 1.5%

Table 5-12 - QOil derivatives production share- Shadow 1A

Oil product to t1 t2 t3 t4 t5
Fuel gas 0.7% | 08% | 0.7% | 0.7% | 0.7% | 0.7%
LPG 4.8% 3.9% 3.6% 3.5% 3.3% 3.2%
Naphtha 17.3% | 13.2% | 13.7% | 13.9% | 13.0% | 12.6%
Gasoline 13.5% | 16.9% | 15.6% | 14.7% | 13.0% | 12.1%
Kerosene 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Diesel 41.5% | 48.5% | 48.1% | 49.1% | 50.3% | 51.9%
Jet fuel oil 34% | 29% | 0.0% | 0.6% | 2.4% | 2.2%
Fuel oil 13.6% | 8.6% | 13.0% | 12.3% | 12.2% | 12.2%
Heating fuel oil 3.6% 3.7% 3.8% 3.7% 3.6% 3.6%
Petcoke 16% | 16% | 15% | 15% | 15% | 1.6%

%t is possible thathis deficit demand fot PG will come from Natural Gas Processing Units (NGRU)
Brazil, instead of fronmimports, but the ORION model does not do this analysis Thisis precisely

indicated as a possible model enhancement in future studies.
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Table 5-13 - Oil derivatives production share- Shadow 2

Oil product t0 t1 t2 t3 t4 t5
Fuel gas 06% | 08% | 0.7% | 0.7% | 0.7% | 0.7%
LPG 5.1% 4.1% 3.4% 3.4% 3.2% 3.1%
Naphtha 21.9% | 11.3% | 13.6% | 13.9% | 13.6% | 12.4%
Gasoline 11.7% | 17.3% | 14.4% | 13.9% | 12.9% | 12.0%
Kerosene 0.1% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
Diesel 39.3% | 45.3% | 43.3% | 48.2% | 50.4% | 52.7%
Jet fuel oil 39% | 26% | 2.0% | 21% | 23% | 2.0%
Fuel oil 12.9% | 13.9% | 18.1% | 13.2% | 12.2% | 12.5%
Heating fuel oil 3.2% 3.2% 3.0% 32% | 3.2% 3.1%
Petcoke 1.4% 1.7% 1.5% 1.5% 1.5% 1.5%

Table 5-14 - Oil derivatives production share- Shadow 2A

Oil product t0 t1 t2 t3 t4 t5
Fuel gas 06% | 08% | 0.7% | 0.7% | 0.7% | 0.7%
LPG 5.1% 4.6% 3.5% 3.4% 3.3% 3.1%
Naphtha 21.9% | 12.3% | 13.8% | 14.0% | 13.4% | 12.3%
Gasoline 11.7% | 17.6% | 14.7% | 13.9% | 12.6% | 12.0%
Kerosene 0.1% 0.0% 0.0% 0.0% 0.0% 0.0%
Diesel 39.3% | 47.2% | 48.4% | 49.3% | 50.4% | 52.4%
Jet fuel oil 39% | 28% | 09% | 13% | 22% | 2.0%
Fuel oil 12.9% | 9.4% | 12.8% | 12.2% | 12.2% | 12.4%
Heating fuel oil 3.2% 3.7% 3.7% 3.6% 3.6% 3.6%
Petcoke 1.4% 1.7% 1.5% 1.5% 1.6% 1.5%

Concerning specifidy the multiregional case¢Shadow 1 and Shadow 1A),
Table 5-15 and Table 5-16 present, respectively, their oil derivatives production per
period and region of the modeéds can be seen, the production of oil derivatives by
region follows the same trend as crude oil consumptioregipn, where SP_S region
presents the largest oil derivatives production,alomostall products, folowed by the
S_S, NE_S and RIMG_S regiongth variations depending on the oil derivative and
the period As for the crude oil consumption this iscansistent result, since SP_S
region has the highest refining capacity among all regions, and, although S_S region has
lower capacity than NE_S region, as well as lower demand for derivatives, it receives
fewer trades from other regioinsand also imports than NE_S region, as will bsill
shown, which ultimately forces higher production of oil derivatives in this region.
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These results are in line with oil derivatives production by refinery data
published by ANP (20188 , whi c h s h o wgsefinerresare reSpomsibl®faru |l o 6 s
most oil derivatives production, mainly LP@B8%), gasoline(48%), diesel(48%), jet
fuel oil (52%) and petcoke (56%for naphtha and fuel oil, according to ANP (2818
the main producers are refineries from Rio de Janaimd Northeast, respectlye
However, in the case of fuel oil, the S_S regignnsalmost every periodhe second
largest producer after SP_I8.this sensd is important to understarttiat the results of
the model are a consequence, in addition éopitoduction capacity per region, of the
demand of oil derivatives per regiomational trades between regions and impbsts

region
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Table 5-15 - Qil derivatives production per period and region- Shadow 1

to

t1

t2

t3

t4

Qil product
(Mw“p“eS’yeaf) S S|NE_S|RIMG_S|SP_S| S S|NE_S|RIMG_S|SP_S| S S|NE_S|RIMG_S|SP_S| S S|NE_S|RIMG_S|SP_S| S S|NE_S|RIMG_S|SP_S| S.S|NE_S|RIMG_S|SP_S
Fuel gas 0.15| 010 | 013 | 0.37|015| 012 | 0.13 |036|0.15| 015| 017 |[032|017| 015| 017 |035|018| 017 | 0.17 | 036| 0.18| 017 | 0.17 | 0.38
LPG 089 075 | 088 | 232|062| 056 | 059 | 194|067|079| 08 |[1.69|078| 080 | 082 |1.74|089| 09 | 082 | 166|089| 09 | 073 | 157
Naphtha 3.26| 381 | 4.04 | 6.24(249| 247 | 337 |332|257| 432| 398 |363|287| 438 | 398 |462|317| 443 | 398 | 549 | 3.14| 443 | 466 | 4.25
Gasoline 206 143 | 207 | 803|246| 216 | 244 |853|279| 295| 355 |7.68|312| 299 | 355 |745|325|333| 355 |683|325|333| 298 |6.08
Kerosene 0.00| 0.00 | 0.00 | 0.00|0.00| 0.00| 0.00 | 000|000/ 000| 000 |0.00]|000|O000| 000 |000fO000|000| 000 |000|0.00]|000]| 000 |0.00
Diesel 9.02| 783 | 7.93 |16.92(9.89| 848 | 9.10 |[19.64|10.22| 11.51| 866 |21.22|12.37|11.72| 13.41 |22.72|13.83| 12.88| 13.41 |25.33|13.84| 12.88| 14.61 |26.42
Jet fuel oil 053 062 | 071 | 151|043 042| 059 | 105|020| 000| 077 |1.09|054| 002| 077 |112|055| 074 077 |111|055| 075| 077 | 077
Fuel oil 423 270 | 298 |3.73[401| 301 | 260 | 452|375| 340 | 6.82 |7.33]| 291 3.37 176 | 895 3.04 | 352 176 | 753|307| 352 | 054 | 886
Heating fuel oil 057| 063 | 072 | 172|062| 053 | 060 | 141|066| 069 | 069 |157|077|070| 088 |159(081| 079 | 08 | 163|081| 079| 087 | 157
Petcoke 031 021 | 026 | 078|031 028| 027 |078|031|037| 036 |065|037|038| 036 |074|043| 043| 036 |076|043| 043 | 036 | 0.80
Table 5-16 - Oil derivatives production per period and region- Shadow 1A
Oil product t0 t1 t2 t3 t4 t5
(Mtonnes/year) S S|NE_S|RIMG_S|SP S| S S|NE_S|RIMG_S|SP S| S S|NE_S|RIMG_S|SP_ S| S S|NE_S|RIMG_S|SP_S| S S|NE_S|RIMG_S|SP_S| S S|NE_S|RIMG_S|SP_S
Fuel gas 015 010 | 013 | 037|014 012 | 013 | 037|014| 016 | 017 |[030|015| 016 | 017 | 034|016| 0.18| 017 | 039| 016| 0.18| 0.17 | 0.40
LPG 089 075 | 088 | 232|071 056 | 072 |192|088| 083| 08 |[1.64| 09| 08 | 090 |1.67|085| 092| 071 | 178|081| 093| 071 | 1.67
Naphtha 3.26| 381 | 404 |624|308| 324| 231 |453|296| 445| 299 |[550|287| 463 | 301 |654|321| 471 | 443 | 448|343 | 463 | 444 | 397
Gasoline 206| 143 | 207 |803|305| 216 | 333 |834|364| 313 | 404 |[729|370| 324 | 410 |710|331| 341 | 289 |729| 298| 347 | 289 | 6.44
Kerosene 0.00/ 000 | 000 | 0.00| 000 000| 0.00 |000|0.00]| 000| 000 |[0.00]|000|O000| 000 |0.00fO000|000| 000 |000|0.00|000]| 000 |0.00
Diesel 9.02| 783 | 7.93 |16.92|10.03| 10.50| 8.87 |19.08|10.68| 12.01| 12.24 |[20.92|11.17| 12.57| 12.61 |24.00|11.45| 12.88| 11.87 |29.20|11.80| 13.27| 11.85 |30.84
Jet fuel oil 0.53| 0.62 071 |151|062| 054 | 058 | 1.18| 0.04| 000| 0.00 | 001|000| 000| 000 |076|062|079| 073 |097|059| 078| 073 | 074
Fuel oil 423 270 | 298 | 373|219 000 | 260 |376|289| 334| 274 |6.08|291|337| 276 |614|304| 352 | 288 |641|3.07| 355| 291 | 6.46
Heating fuel oil 057| 063 | 072 |172|077|061| 078 | 150|084| 085| 097 |[1.72|086| 089 | 099 | 1.84|085| 094 | 0.87 | 206| 083| 096| 087 | 203
Petcoke 0.31| 0.21 026 |078|030| 027 | 027 |079|035|039| 034 |063|036|040| 035 |071|038| 043 | 035 |083|039| 044| 035 | 085
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Oil derivatives imports and exports

As explained in the methodological part of the present study, the imports and
exports characterized in the ORION model concern only oil derivatiesresults for
each Shadow scenario concerning their oil derivatig®rts and exportsy time period
are presented below.oFthe Shadow 1 and Shadow 1A scenarioschviare multi
regionals theresultsarealsopresented by region of the model (S_S, NER&VIG_S,
SP_S).
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Figure 5-8 - Oil derivatives imports - Shadow scenarios

The first evidence to be analyzed regardailgderivativesimports isthat all
scenarios have the same profilaathl imports over the time horizpthat is, they show
a decrease between t0 andadd an increase at thhese results are an effect of the
growth in the production ofil derivatves, between t0 and t4¢ausedboth by the
increase othe rdining utilization factor andhe investmentsn additional pocessing
units; and of the drop in most oil derivatives production inet&ept dieselSince the
capacity levels of the processing units remain practically constant between t£%nd t5

% Although the model has the possibility imvesting in CAPADU in period t5 to increase the total

production of oil derivatives, avoiding the increase of imports it is more interesting for it to maintain the
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as will be showtater, this growth in imports dil derivatives can be explained exactly
by the increase in diesel production overtatle periods. Gven that the diesel prices
originatedfrom the OURSE modeland implemented in the ORIOModel are very
high at the endof the analysis horizorthe modelreaches its optimum solution by
outputtingdiesel surplusesvith the aim of expding them at the expenses ofiporting
larger quantities of other producssich as gasoline.

The total imports at tO are of 23\M8tonnes/year in Shadow 1 and Shadow 1A
scenarios, and of 21.8 Mtonnes/year in Shadow 2 and Shadow 2A scenarios. As the
latters scenarios present a higher total oil derivative production in this period, it was
expected that their imports would be lower.

The most imported oil derivative in all scenarigsgasoline, followed byPG,
petcokeand jet fuel oil. As regards fuel oilit is imported only at t1, in Shadow Jland
Shadow 2A scenarios, which can be undersadmo d eshodtterm response the
implementation othe IMO regulation in this periodFrom t2 onwardst is no longer
imported, andall the fuel oil demandeds produced- even under higher sulfur
specificatonsi through investments HDTI units Still, in Shadow 1 and Shadow 2
scenariosttere are exports of fuel oil at periods t2 and t3, which is an outcome of the
profile production of oil derivative@yeared towards medium/heavy distillajeabpt, in
turn, can be influenced by oil derivativpaces given by the OURSE modeihich are
expensivefor medium distillatesind can lead to excessive expaniented production.

Concerning dieselhere are imports of 4.97 Mtonnes/year at t0 in Shadow 1 and
Shadow 1A scenarios, and of 5.52 Mtonnes/ywarShadow 2 and Shadow 2A
scenarios These rsults are in accordance with ANP (2018) diesel imports data for
2015 of 5.8 Mtonnes/year (or 6,940.1 thousantyear). Still, in the Shadow 1, there
are imports of 1.5 Mtonnes/year at t1. Howevas shown byFigure 5-9, from t2
onwards it starts to be exported, varying from scenario to scenario the period in which
exports startAt period t5 ts exports are of 10.7 Mtonnes/year in Shadow 1 and Shadow
1A scenarios, and of 10.4 Mtonnes/year in Shadow 2 and Shadow 2A scenarios. As
previously explained, the diesel prices generatsd the OURSE model, and

implemented in the ORION model are very high for diesel at the end of the hofizon

capacity levels reached in t4 and increase imports of certain oil derivatives. This exaatly because
is the last period of analysis. As the model does not verify oil derivatives demands after this period, the

optimization tends not to choose for more investments.

106



analysis. Thus, themodel find the best solution to produtiesel surplusesn addition
it is worth mentioninghatthe national trades that occur in the Shadow 1 and Shadow
1A scenarios have nghysical constrainbut only associated transportation co3isis
may haveleadcedthe model taneet the demand for diesel adrtain regions without the
need for imports.

In the case of naphtha, althoughaBit is a net importethe model exports
naphtha from tO on Shadow 1 and Shadow d#d from t1 on Shadow 2 anddsiow
2A. In addition to the high prices generated by the OURSE model fooithdsrivative
i which leads the model to prockisurpluses in order to experthe model has impat
and expou limits given by classificationf oil derivatives (light, medium, heavythat
may leave iton the threshold of choosing to produce or import LPG, napduticth
gasoline, for example, since they aé classificated as light derivative¥he same
applies to other oil derivatives, as diesel, kerosene, jet fuel oil, fuel oil atiddéuel
oil, which are classificated as medium derivatives. Regarding petcoke, it is the only
heavy oil derivative in the model, thus it does not pretteashold results

Nevertheless, sacan be seertptal oil derivatives exports are smaller than
imports, in all scenarios and time perio@kisindicates that Brazilill keep its current
position asa net importer oalmostall oil derivatives. Specifically fogasolineand
LPG the results corroborate the data published by ANP (2017), which shot®r#at
has been a net importer thfese fuels in recent yeatdowever, as mentioned before,
the increasing production and processing of natural gas in Brazil might output
additional volumes of LPG and gasoline (mostly the former), which are not accounted
now in ORION.
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Figure 5-9 - Oil derivatives exports- Shadow scenarios

For the Shadow 1 and Shadow 1A scenariosiclwthave a multregional
framework Table5-17 andTable5-18 present the results of oil derivatives imports and
exports by region of ta model (S_D, NE_D, RIMG_D, SP).0rheyshow that in both
scenarios, on average, the region that imports the most is the NE_S region, followed by
the § D, S S, and RIMG_Dregions; and the major exporting region is SP_S,
followed by RIMG_S, S_S and NE_S.

According to Aliceweb/MDIC (2017) the Brazilian Northeast region plays an
important role in foreign trade of fuels, as the largest amounts of gasoline and LPG are
imported from the harbors of S&o Luis, in Maranhdo, and Suape, in Pernambuco. Still,
the othe three Brazilian harbors of relevance are the harbors of Santos (in Sdo Paulo),
of Rio de Janeiro and of Paranagua (in the Souhich evidence reaffirms the
reliability of the ORION model. Even though the results obtained are not exactly in

accordane with the literature datathey have congruence.
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Table 5-17 - Oil derivatives imports and exportsper period and region- Shadow 1

Redi InpExp LPG Naphtha Gasoline Kerosene Diesel Jetfuel oil Fuel oil Heating fuel oil Peteoke
o (Mtomnesfyear) | 0 1 # 5|0 4 22 & o &S0 a4 €2 B # & |0 a4 2 8B o 5, 0 4 2 8B t4 1 0 a4 £ 8 o #H |0 4 £ B3 o &0 4 2 B o 5|0 4 f 3 ¥ 6
$D Tmports 045|074 | 072 | 062 | 034 |05 - 190 {077 | 043 | 050 (128 |22 063 - - - 019 - 030 [ 032 033 | 034 | 035 | 035 [ 039 |08 |06 |06 |038 |060
- Exports - - - - - - 030 - - - - - - - - 120 | 2138 | 1M | - - - - - - - 086 - - - - - - - - - - - -
XD Tmports 213 237 219 |22 218 | 226 | - 697 | 631 | 388 |3 |33 |38 M |13 120 [ 140 [ 178 [ 172 | 0% | L0§ 7 - 030 032 033 | 034 (033 {035 [ 170 |14 |16 (168 [L70 | 176
- Exports - - - - - -0 - - - - - - - - 005 - - - - - - - - - - - -
RN D Tmports 000 [ 072 | 036 | 038 | 061 | 073 029 - - 09 - - - 051 | 063 | 042 | 040 | 037 |04 - 030 [ 032 033 | 034 | 035 | 035 |06 | 088 [ 058 | 061 | 065 |06
| Eyots -] - s [t Joxs . wlw [ [T T T -1 ) T T T
$D Tmports 023 (020 {032 |046 | - 09 |- - - 130 - - - 080 | 136 | 129 | 106 [ 099 | 149 - - 060 | 065 | 047 | 067 |00 [0T1 [ 042 030 [060 | 0356 [038 [0
- Exports - - - - - - 037 | - 090 | 156 | 203 - - - - - - - 099 | 307 | 34 | - - - - - - - 125 [ 1R - - - - - - - - - - - -
ol Tmports 260|383 370 |36 | 365 [ 403 | - 18 | - - - 888 [ 708 |41 |6M [636 | 8B 497 |13 - - - 250 339|388 |38 |23 |29 07 | - - 130 [ 139 | 166 | 189 | 175 | 176 | 335 | 337 [343 | 346 [ 331 |16
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National trades

The national trades concern the trad¥soil derivativesbetween Brazilian
regionsof supply (S_S, NE_S, RIMG_S, SP_S) and demand (S_D, NE_D, RIMG_D,
SP_D)in Shadow 1 and Shadow 1A scenarios, whichtfaenulti-regional cases.

Regarding the Shadow ih, almost all time periods the LPG is traded frofh S
to RIMG_D. For naphtha, the trades are mostly from RIMG_S to NE tb,same
trades from SP_S to_® in the two last periods (t4 and t5). Concerning gasoline, the
trades are usually from SP_S to S_D and RIMG_Ddlsel from RIMG_S to NE_D
andfrom SP_Dto S_S Forjet fuel oil they are always from S_S to SP_REdr fuel oil
from RIJIMG_S to NED and SP_[at period t0, from SP_S to RIMG dbt3, t4 and t5,
and from SP_S to NE_D at.tBs regards kerosenbeating fuel oil and petcoke, there
are no trades betwa regions for the scenario in question.

In the Shadow 1A the trades are veimnilar to the previous casé terms of
origin and destination for each produekcept for fuel oiland desel whosetrades
cease to exidtom t2

These results, for botltenarios, reflect the demand shares fodpcts applied
in each regionwhich were kept the same throughout the analysis horizon, as well as the
production capacity of each product in each region, according to the existing processing
units. For exampleoil productsdemands are very high in the NE_S region, which,
despite having considerable production capagtynable to meet these demands. For
thisreasonit is an importing regionpoth in terms of international imports, and in terms
of trades fromother regions of the modeAnoter example is the RIMG_S region, that
sends naphtha to NE_D in the two scenarios analyzed, which is a consequence of this
region's production profile and also its lower demand for naphtha than in the NE_D
region.

Lastly, it worth mentioningthat national trades may fingottlenecks that were
not specified in the model (tanking capacity, mode of transport), which could limit
trades between regions, leading to highewer productionof oil derivatives per region,
andlowerhigher oil derivativesimports.However, these level of detailasbeyond the
scope of this thesis

Table D-1 and Table D-2 in Annex D present the results of national trades by

product, period and region of the model, for these scenarios.
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Processing units capacities

The results for processing unitapacitiegelate to both capacity le\é[ in each

period of time as well as additional capacities, if &gure5-10 exhibits the capacities

levels for each mrcessi ng unit considered in the
Shadow case, in each time period.
Shadow 1 Shadow 1A
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Period Period
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Figure 5-10- Processing units level capacitiesShadow scenario®

The results aboveorroboratethe informatiomm presented in section 2.1., which

shows thaBrazilian refining schemeare mostly classified between the Cracking and
Coking/Hydrocracking configurationgOIL & GAS JOURNAL, 2018) with the

presencanainly of FCC andalsodelayed cokingunits (COK), but with no presence of

hydrocracking unitsHCC). Additionally, theyconfirm some results previously shown

more specifically the one®lated to thecrude oil consumption, since these valuas,

each scenario, refer exactly to tlewel capaities of the atmospheric distillation unit

" The capacity level corresponds to the level of utilization of the processing unit, which is different from
the existing maximum capacity.

%8 Results concerning the capacities of the hydrogeneration unit (CAPUGH) and cogeneration unit
(CAPCOG) are not repsented in the graphs, given that they have units of measurement other than

Mtonnes/year. The resulting values these processingnits can be found in Annex.D
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(CAPADU), the primary unit within a refinery, which fractionate therudesinto
different cuts At period tO (moddl salibration period), the capacities were limited to
the maximum available capacitygble 4-1), which for the atmospheric distillation unit

is of 116.75 Mtonnes/yeaihus, at this perigdShadow 1 and Shadow 1A scenarios
presented a CAPADUkvel of 101.7 Mtonnes/year, and Shadow 2 and Shadow 2A of
105.9 Mtonnes/yeamwith respective utilization factofs of 87.1% and 90.7%Nhen
analyzing the real utilization factor of the Brazilian refining industry in 2015 (ANP,
2018b), of 86.8%, it can be setimat the valuefound by the ORION modetere quite
realistic especially in Shadow 1 and Shadow 1A scenahithis sense,sapreviously
explained for the total crude oil consumption resutie higher CAPADUevel at tOin

the Shadow 2and Shadow 2Ascenarios may be related tbeir singleregional
structure, with no possibility of trades between regiosiace there is only one regien
which requires the processing of more crude oil to meet the national oil derivatives
demandand consequentlyigher leves of CAPADU.

By analyzing the capacity rdssi over time, it is worth noticinghat in all
scenarioghere is a tendency of growthhese capacitiesicreases occur either through
investments in additional capacities or throurgtreasng refining utilization factor, ie
throughraising theuse of existing capacities.

In this context it is important taletail some simulations performefr the
Shadow 1 scenarj@s well as certaibboundson investments in additional processing
units capacitiesha had to be added to the mod®tfore reaching the final ressilt
presented in this thesiéctually, two simulations wererun for Shadow 1 scenario
before the one that generated the redldtwiled inthis thesis In the first simulatn,
the model was &e to invest in additional units capacitiés bound on investment for
each period) This has resulted imuge investments immdditional processing units
capacities, specifically CAPADUYabout 42 Mtonnes/year of total ADU additional
capacity) with the purpose of expding all excess productid® which corresponded

29 Utilization Factor is the ratio between the usage time for which a process unit hagumetional to

the total time for which it could be used. Since for its calculation, only the ADU is considered, it does not
directly grasp the complexity of the refinefjervethelesswhen their more complex downstreamits

are fully utilized, refinerieeperate as simple refineries.

%t is important to mention that for this same simulation attempts were made to reduce the import/export
limits in order to solve the problem of excessive exports, however, the model ends up investing even

more in additionaprocessing capacities, becaussntply reduced thamport of oil derivatives.
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principally to diesel, naphtha and fuel oMoreover investmentsoccurredmainly in
period t2(approximately 36 Monnes/year of additional CAPADU only in this peyiod)
anddoubledthe atmospheridistillation capacities in thedsith and S& Pauloregions

It is understood that this result is a consequence of the high pricek ddrivatives
generated by the OURSE model, maifdy diesel and fuel oilwhich induces the
model to maxinge oil derivatives production in ord&r export, thus reducing the total
system cost by increasints revenuesAlso, the irvestments only at period t2 are
understandable sincethe ORION, exactly for bemg an optimization modehas the
tendency when m&ing an investment, to invest everything at once tgeadually
investin each periodHowever, such results are beyond the Brazi(emd even other
country’s)reality, first by the amount of additional ADU capacity, that corresjsoto
0.84 million of barels per day (Mb/d)approximatelyl/3 of the current total Brazilian
refining capacity and second by the period in which all this additional capacity is
implemented, as period t2 staitsthe year 2030, that is, 10 years from now.

In order to solve the@roblem of overinvestment in additional processing units
capacities it was decided to adtb the modela bound oninvestmentof additional
capacityfor each period of timeThus a second simulatiowas carried out, considering
a maximumpossibleinvestmentin CAPADU, per time periogof 12.7 Mtonnes/year,
which corresponds to 250 thousand of barrels per day)(kdb/chore reasonable value
regarding possible expansions of the Brazilian refining p@he results showed a
choice for additional CAPAD investments of exactly 12.7 Mtonnes/yeaipatiods t2
and t3, hat is, a total investment of 25.4 Mtonnesdr, or 0.5million of barrels per day
(Mb/d). Although this result is closer to the Brazilian refining industry's expansion
forecasts IEA (2019 indicateghat by 204Ghetotal Brazilian refiningcapacity will be
increased by 0.3 million of barrgier day (Mb/d) it may still be too optimistic given
the recent record of the country’s refining industry

Therefore, onsidering the constructionf dhe second train of RNEST
Refinaria Abreu e Lima11l5 thousand of barrels per day) and the first train of
COMPERJ Complexo Petroquimico do Rio de Jandit65 thousand barrels per day)
(PETROBRAS, 2019din more than 10 yearg was concluded thahé best maximum
limit of investmens in additional CAPADU per period5 years)would be 7.5
Mtonnes/year, or 150 thousand of barrels per dawler this new constraint, the model
presents a total investment in additional CAPADU of 21.8 Mtonnes/year4 onillion

of barrels per day (Mb/dypread over periods t2, t3 and Bkingthis a more realistic
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result, the constraint of investments in additional CAPADU were replicatecll
Shadow scenarios

Hence, regarding ADU capacity levelsmn Shadow 1 theyise from 101.7
Mtonnes/year to 131.6 Mtonnes/year; in Shadow 1A from 101.7 Mtonnes/year to 132.4
Mtonnes/year; in Shadow 2 from 105.9 Mtonnes/year to 131.0 Mtonnes/year; and in
Shadow 2A from 105.9 Mtonnes/year to 128tonnes/year.

Despite the trend afapacity increasethere is a capay reductionof REF and
NAHDT units, between t3and t5for Shadow 1 and Shadow 1A, and between t2 and t5
for Shadow 2 and Shadow 2AThis @n be explained by thgasoline profile production
per period, which followshie same trend of REF and NAHDT units capacities in each
scenario.

The largest capacitiesincreases in all scenarios relate ttee atmospheric
distillation (ADU), vacuum distillation(VDU), diesel hydrotreatingDIHDT) and
unstable hydrotreating unif&iDTI). This confirms the results regarding the refining
profile, which show a focus on diesel producti@till, the growth of HDTI units
capacitites in Shadow 1A and Shadow 2A scenarios is higher than in Shadow 1 and
Shadow 2, what is explained by the apgiicn of the IMO sulfur specification in the
first two cases. While int&dow 1 and Shadow 2 this growth occonsstly throughthe
increased use of existing capacitj@s Shadow 1A and Shadow 2A it takes platainly
through investments in additional wiindicating that tighter specification for maritime
bunker fuels requires new HDT capacity to adjust the quality of fuel oils.

For the Shadow 1 and Shadow 1A scenarios, which are-ragitnal cases,
Table5-19 and Table 5-20 present the results of processing units capacities per period
and region of the modelt can be seen that, on average, in both scenarios the region
with the highest processing unit level capacity is the SP_S region, which makes sense
due to its higher maximum refining capacity (47.2 Mtonnes/yedr}0 andto its
results of regional investmes in additional processing units capaciti@fter SP_S
region, the second region with the highest processing units level capéitiee S_S
region,followed by theRIMG _S regionin the first two periods androm period t2 to
t5 the second region bemes RIMG_S, followed by NE. 8lthough S_S region has
lower maximumADU available capacity (22.37 Mtonnes/year) than NE_S region
(25.77 Mtonnes/yeamt t0 and tlas well as lower demand for derivatives, it receives
fewer trades from other regions thaAE_S region, as shown in the National Trades

section, which ultimately forces higher production of derivatives and consequent higher
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capacity levels in this regiaat periods t0 and tRegading the increase in capacitiek
RIJMG_Sand NE_Sregiors from 2, they aredue to investments in additional units

capacities
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Table 5-19 - Processing units level capactiesShadow 1

Processing unit t0 t1 t2 3 t4 5

capacity level

(Mtonnes/year) S 'S NES RIMG_S SP_S| S S NE_S RIMG_S SP_S| S .S NE_S RIMG_S SP_S| S.S NE_S RIMG_S SP_S| S S NE_S RIMG_S SP_S| S_.S NE_S RIMG_S SP_S
ADU 21.25| 18.27| 19.96 |42.18|21.25| 18.27| 19.96 |42.18|21.60 | 24.48| 26.10 |45.84|24.24| 24.83| 26.10 |49.95|26.53| 27.55| 26.10 |51.42|26.53| 27.55| 26.10 |51.42
VDU 5.09 | 3.29 4.67 891 | 592 | 4.24 5.11 10.35| 5.89 | 4.37 6.70 12.42| 5.74 | 4.43 6.70 12.72| 5.06 | 5.01 6.70 13.20| 5.06 | 5.01 6.70 13.89
NAHDT - 0.10 0.38 3.48 | 0.24 | 0.23 0.42 3.48 | 0.60 | 0.33 0.98 3.37 | 0.60 | 0.34 0.98 251 | 037 | 0.38 0.98 1.58 | 0.37 | 0.38 0.30 0.62
REF - - 0.17 2.19 - - 0.17 251 031 - 0.60 251 | 0.26 - 0.60 1.69 - - 0.60 0.85 - - - -
KEHDT - - 0.51 1.08 | 0.31 | 0.30 0.51 1.08 | 0.44 | 0.73 0.55 0.78 | 0.39 | 0.74 0.55 0.80 | 0.40 | 0.53 0.55 0.79 | 0.39 | 0.53 0.55 0.55
DIHDT 6.61 | 5.18 5.56 11.54| 7.50 | 5.84 6.76 14.33| 7.54 | 8.33 8.88 15.95| 8.49 | 8.45 8.88 17.49| 9.34 | 9.47 8.88 18.06| 9.35 | 9.47 8.88 18.52
FCC 4.05 | 2.07 3.39 9.16 | 4.05 | 2.84 3.49 9.16 | 4.03 | 2.84 4.58 8.50 | 3.86 | 2.88 4.58 8.63 | 3.29 | 3.26 4.58 8.96 | 3.29 | 3.26 4.58 9.43
RFCC - 0.65 - 0.97 - 0.74 0.07 0.97 - 1.98 0.07 - 0.90 | 2.01 0.07 097 | 229 | 2.27 0.07 097 | 2.29 | 2.27 0.07 0.97
HDS 2.02 | 1.33 1.70 528 | 219 | 1.93 2.03 5.46 | 2.22 | 2.62 2.65 4.70 | 255 | 2.66 2.65 5.20 | 2.89 | 2.97 2.65 5.36 | 2.89 | 2.97 2.65 5.41
ALK - - - 0.31 | 0.20 | 0.20 0.30 0.52 | 0.24 | 0.37 0.39 0.53 | 0.26 | 0.37 0.39 0.53 | 0.26 | 0.37 0.39 0.52 | 0.25 | 0.37 0.39 0.31
COK 0.50 | 0.14 0.42 0.96 | 0.50 | 0.22 0.42 0.96 | 0.50 - 0.55 1.05| 0.32 - 0.55 0.89 - - 0.55 0.93 - - 0.55 0.99
HDTI 2.64 | 2.85 2.57 5.81 | 2.64 | 2.85 2.57 5.81 | 2.64 | 2.74 - 5.81 | 420 | 2.85 4.88 5.81 | 4.85| 3.74 4.88 7.92 | 485 | 3.74 6.10 8.58

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDF

Table 5-20 - Processing units level capactiesShadow 1A

Naphtha hydrotreatment unit; RERCatalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHDTDiesel hydotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCC Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTi Unstable hydrotreatment unit

Processing unit t0 t1 t2 t3 t4 t5

capacity level

(Mtonnes/year) S S NE_S RIMG_S SP_S| S.S NE_S RIMG_S SP_S| S.S NE_S RIMG_S SP_S| S.S NE_S RIMG_S SP_S| S.S NE_S RIMG_S SP_S| S.S NE_S RIJMG_S SP_S
ADU 21.25[ 18.27] 19.96 [42.18|21.25] 18.27| 19.96 [42.16]22.79] 25.58] 24.79 |[44.85|23.31] 26.55| 25.32 [49.93|24.28] 28.22] 25.32 [54.39| 24.45] 28.68] 25.32 [54.39
VDU 5.09 | 3.29 467 | 891|504 3.78 5.17 | 10.08| 4.07 | 4.57 6.42 |10.66| 4.20 | 4.74 6.58 |12.23| 4.47 | 5.10 6.58 |14.42| 4.55 | 5.21 6.58 |14.91
DSP - - - - - - - - - - - - - - - - - - - - - - - -
NAHDT - 0.10 0.38 | 3.48| 0.96 | 0.23 1.48 | 3.13| 1.37 | 0.41 172 | 3.03| 1.37 | 0.41 172 | 215 0.77 | 0.39 029 | 1.71| 0.34 | 0.39 0.29 | 0.65
REF - - 017 | 219|062 | - 111 | 2.19| 0.94 | 0.06 127 | 219 0.93| 0.04 126 | 1.37| 038 - - 094 | - - - -
KEHDT - - 0.51 | 1.08 | 0.45| 0.39 0.51 | 1.08 | 0.67 | 0.77 0.74 | 1.34| 0.67 | 0.80 0.75 | 1.14| 0.44 | 0.57 052 | 0.70 | 0.42 | 0.56 052 | 053
DIHDT 6.61 | 5.18 556 |11.54| 7.23 | 6.22 6.79 | 14.42| 7.76 | 8.70 8.44 |15.26| 7.97 | 9.04 8.63 |17.16| 8.39 | 9.66 8.63 |19.37| 8.50 | 9.85 8.63 |[19.70
FCC 4.05| 2.07 339 | 9.16| 3.41| 252 353 | 9.23| 2.65| 2.97 439 |722|273| 3.08 450 | 830|291 331 450 | 9.80 | 2.96 | 3.39 450 |[10.13
RFCC - 0.65 - 0.97 | 0.47 | 0.96 0.01 | 097 | 1.84| 2.07 001 | 097 1.90| 2.15 001 | 097]| 2.02| 231 001 | 097 | 2.06 | 2.36 0.01 | 0.97
HDS 202 | 133 170 | 5.28| 2.19 | 1.92 203 | 556|244 | 2.74 252 | 462|251 | 2.85 257 | 516 2.62 | 3.03 257 | 570 | 2.65 | 3.09 257 | 574
ALK - - - 0.31| 0.32| 0.27 0.30 | 0.60 | 0.34 | 0.38 0.37 | 0.67| 0.33 | 0.40 0.37 | 0.67 | 0.30 | 0.40 0.37 | 0.42| 0.28 | 0.39 0.37 | 0.28
COK 0.50 | 0.14 0.42 | 096 | 0.34| 0.14 043 | 097| - - 054 |072]| - - 055 | 085 - - 055 | 1.03| - - 0.55 1.08
HDTI 2.64 | 2.85 257 | 581]|530]| 455 497 | 9.00| 552 | 6.28 6.18 |11.10| 5.80 | 6.52 6.38 | 13.15| 6.47 | 7.16 6.50 |17.14| 6.75 | 7.41 6.50 |18.56

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDF

Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDiesel hylrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCT Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydrotreatment unit
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The additional capacities are presented able 5-21, Table 5-22, Table 5-23
and Table 5-24 for the Shadow 1 and Shadow 1A per period and region of the model,
and for Shadow 2 and Shadow 2A per period considered.

As it can be seen, the mainvestments in additional capacitiedter the
distillation unit (ADU)are for the diesel hydrotreating units (DIHDT) in Shadow 1 and
Shadow 2 scenarios, and for the unstable hydrotrating units (HDTI) in Shadow 1A and
Shadow 2A scenarios.

In Shadow 1 ad Shadw 1A, the nvestments in additional capacitigsr region
vary by period, which can be understood to be a consequence @fottessingunits
capacitiesalready existing in each region, as well as the regional denahrs
considered, the impatexports,and national trades resultgloreover, it can be seen
that in the case of REF and NAHihits, even if they havetatal capaity reduction at
the end of analysis horizpthere are investments in the first periods

The regions with the largestvestments irADU additional capacities are SP_S
andRIJMG_S. In this sense, & important to note that S&auld sefining production
attendsthe oil derivative demand of the idwest region of the country. Thus, in the
disaggregation of the model, the refining expansion in SRo8Id also involve this
region

Finally, it is worth mentioning that the results of investments in additional
processing units capacities, as well as the periods when they occur do not take into
account the overruns costs and deldlyat might happen durinifpe castruction of new
refineries or new refining unitsvhichfacilitates the choice of the modelmBximizing
investments and choosing persoclose to the base year to conceham.Neverthelss,
the averageoverrun cost of refining prgcts can reachapproximately 7% of the
approved budge(EY, 2014; KOBERLEet al, 2018; SILVERIO, 2018)while the
percentage of refining projects that present overrun costte world reache82% (EY,
2014) In addition, KOBERLEet al (2018) estimate a 1Qear delay for refining

projects in Brazil.

117



Table 5-21 - Processing units additionalcapacties- Shadow 1

Additional Capacity t1 t2 t3 t4 t5
(Mtonnes/year) S S NES RIMG_S SP_S|Total [S.S NE_.S RIMG S SP_S|Total | S S NE.S RIMG_S SP_S|Total [S S NE_.S RIMG S SP_S|Total | S S NE_.S RIMG_S SP_S| Total
ADU - - - - - 0.36| - 6.06 1.05| 7.47 | 2.79| 0.37 - 4.32 | 7.48 | 2.41| 2.87 - 155| 6.83| - - - - -
VDU 0.87 1.00 0.46 151 | 384 | - - - - - - - - - - - - - - - - - - - -
NAHDT 0.26 0.14 0.04 - 0.44 | 0.38| 0.11 0.58 - 1.07 | - - - - - - 0.04 - - 0.04 | - - - - -
REF - - - 034 | 034 | - - - - - - - - - - - - - - - - - - - -
KEHDT 0.32 0.32 - - 0.64 | 0.14| 0.46 - - 0.60 | - - - - - - - - - - - - - - -
DIHDT 0.94 0.70 1.26 2.93 | 5.83 |0.04| 2.62 2.24 1.71| 6.61 | 0.99| 0.12 - 1.61| 2.72 |0.90| 1.07 - 0.60 | 2.57 [ 0.01| - - 0.48 | 0.49
FCC - 0.81 0.10 - 091 ]| - - - - - - 0.04 - - 0.04 | - 0.40 - - 040 | - - - - -
RFCC - 0.10 0.07 - 017 | - - - - - - - - - - - - - - - - - - - -
HDS 0.17 0.63 0.35 0.18 | 1.33 | - - - - - - - - - - - - - - - - - - - -
ALK 0.21 0.21 0.32 0.22 | 0.96 | 0.04| 0.17 0.10 0.01 | 0.32 | 0.02| 0.01 - - 0.03 | - - - - - - - - - -
COK - 0.08 - - 0.08 | - - - - - - - - - - - - - - - - - - - -
HDTI - - - - - - - - - - 1.64| - 2.42 - 4.06 | 0.68| 0.94 - 222 )| 384 - - 1.29 0.70 | 1.99

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDT Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrogatment unit; DIHDT Diesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydraeatment unit; UGH
Hydrogengeration unit
MmPlyear

Table 5-22 - Processing units additionalcapacities- Shadow 1A

Additional A 2 3 t 5

(Mtgrfﬁ:g/'%ar) S S NE_S RIMG_S SP S| Total | S.S NE.S RIMG_S SP_S|Total | S.S NE_.S RIMG_S SP_S|Total |S.S NE.S RIMG.S SP.S| Total | S.S NE.S RIMG_S SP_S| Total
ADU - 3 3 3 T [162] 116 | 469 | 747 |055] 1.02] 055 | 535]| 7.47 | 1.01] 1.76 » 270 | 747 | 0.18 | 0.48 ; | 066
VDU 044| 052 | 052 | 123|271 - - - . - ) ) ) -] ; ; ) ; ) ; ; ; )
DSP - ) ) ) - - - - - - ; ; ; - - . . ; ; . ; ; ; ;
NAHDT 101] 015 | 116 - | 232|043 019 | o025 - |os7]| - ; ; ; - ; ; ; ; ; ; ; ; ;
REF 066| - 0.99 - | 1es]| - - i . - ; ; ; - - ; ; ; ; ; ; ; ; ;
KEHDT 0.47| 0.41 ) - | 088]0.23| 040 - - |o063| - | 003 ; - |o03]| - . . ; ; . ; ; ; ;
DIHDT 065\ 1.10 | 130 | 3.03| 608|055 262 | 173 | 089 579|023 035 | 020 | 200| 278|044 0.66 ; 233 | 343 | 011 | 0.20 ; 034 | 0.65
FCcC - | 047 | 002 - | o049| - | 048 - - | 048] - | 012 ) - | o12] - | 024 ; - | 02| - |oo08 ; - | 0.08
RFCC - | 033| o001 - |o34]| - - . . - ) ; ; I ) ; ; ) ; ) ; ; )
HDS 029 063 | 028 |o026| 146/ - . . . - ; ; ; - - ; ; ; ; ; ; ; ; ;
ALK 034| 029 | 032 |o030| 1.25|002| 0.12| o008 |008|030| - | 002 ; - |oo02]| - . . ; ; . ; ; ; ;
coK - ) ) ) - - - - - - ) ; ; - - ; ; ; ; ; ; ; ; ;
UGH! - ; ; ; - - - - - ; ; ; . ; ; 128.94| 128.94| 172.43| - 150 |518.98| 692.91
HDTI 280| 179 | 252 | 3.36|1047|023| 1.82| 127 | 220]| 552|030 025 | 021 | 216|292 |0.70| 068 | 012 | 421 | 571 | 0.29 | 0.26 ) 149 | 2.04

ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDT Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIH i Diesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCC Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydrotreatment unit; WG
Hydrogen generationnit
Mmlyear
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Table 5-23 - Processing units additional capacties Shadow 2

Additional Capacity (Mtonnes/year) | t1 t2 t3 t4 t5
ADU - | 7.47|7.47|3.65| -
VDU 6.67| - - - -
DSP - - - - -

NAHDT 3.51|0.69| - - -
REF 2.19(0.19| - - -
KEHDT 1.75| 0.45] 0.05| - -
DIHDT 7.79|5.44| 2.65|1.68| 0.14
FCC 3.06| - |0.34|0.44| 0.15
RFCC 2.14| - - - -
HCC - - - - -
HDS 3.46| - - - -
ALK 1.13|0.28| 0.06| 0.05| -
COK - - - - -
UGH! - - - - -
HDTI - - |3.90|3.73| 2.23

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REF
Catalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDiesel hydrotreatment unit; FCICFluid Catalyic Cracking unit; RFCC
i Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit;

HDTI'i Unstable hydrotreatment unit; UGHHydrogen generation unit
Mm?lyear

Table 5-24 - Processing units additional capacties Shadow 2A

Additional Capacity (Mtonnes/year) | t1 2 | t3 t4 t5
ADU - 7.48|7.48| 5.45 -
VDU 574 | - - - -
DSP - - - - -

NAHDT 3.95|0.67| - - -
REF 2.62 - - - -
KEHDT 1.84 (031 - 0.07 -
DIHDT 8.05|4.56|2.74| 2.50 0.32
FCC 3.07 | 0.06|0.17| 0.41 0.11
RFCC 213 | - - - -
HCC - - - - -
HDS 3.17 - - - -
ALK 0.80 | 0.62| 0.02| 0.05 -
COK - - - - -
UGH!* - - - | 524.62| 209.52
HDTI 11.65| 5.85|2.74| 4.10 2.31

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REF
Catalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDiesel hydrotreatment unit; FCICFluid Catalyic Cracking unit; RFCC
i Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit;

HDTI i Unstable hydrotreatment unit; UGHHydrogen generation unit
MmPlyear
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Utilities consumptionand CQ emissions

Utilities consumption and C{emissions concern, respectively, the consumption
of steam(low, medium and high pressuyé&)el (natural gas, fuel oil, fuel gas and cpke
electricity and hydrogen by the processingtsjrand the C@emissiongelated to the
burning of fuelandthegrid - if the model opt$o buy electricity instead of producing it

As explained befa; the high pressure (HP) steatemand can be supplied by
cogeneration units or boilers. The HP surplus is, then, used to supply the medium
pressure (MP) steam demand. Therefore, the demand for MP steam can be met firstly
by the surplus of HP steamif it existsi and secondly by cogeration units and
boilers. Finally, the surplus of MP steam can be used to supply low pressure (LP) steam.
The fuel option given to the model for steam production was naturalbgés for
cogeneration and boilerl addition tosteam, cogeneratiqgerodue electricity Natural
gas can also be used to produce hydrogen in the hydrogenation units tinestgiam
reforming process.

Table5-25, Table5-26, Table5-27 and Table 5-28 detail the results of utilities

consumption and C{emissions for the Shadow scenarios.
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Table 5-25 - Utilities consumption and CO, emissions- Shadow 1

Steam to t1 t2 t3 t4 t5
Low-pressure (LP) steam consumption®(i) -1333.18 -1395.22 -1424.64 -1424.82 -1434.49 -1468.30
Mediumpressure (MP) steam consumption® (1) | 30020.40 31983.32 36351.69 38105.24 39687.66 39471.22
High-pressure (HP) steam consumption®(#id) -1926.89 -1662.42 -1538.58 -1356.52 -1473.92 -1516.49
Natural Gas - Steam production to t1 t2 t3 t4 t5
Natural gas LP steam production (£041J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 8511.91 6850.64 6315.81 13876.55 5236.69 12715.86
Natural gas HP steam production (104J) 0.00 2489.79 7404.60 0.00 10363.42 2579.54
Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00

Fuel oil (16 MJ)

147794.04 128534.76 146956.68 159517.08 166634.64 164541.24

Fuel gas (10MJ) 7536.24 38518.56 39774.60 41868.00 44380.08 45217.44
Coke (1@ MJ) 55265.76 57777.84 5945256 64895.40 69919.56 71175.60
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3551.16 3840.01 4077.78 4397.69 4567.37 4557.38
Electricity production (GWh) 3551.16 3810.48 3941.45 4248.39 4248.39 4248.39
Electricity grid (GWh) 0.00 29.53 136.33 149.30 318.98 308.99
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5
Natural gas Electricity production (10MJ) 39577.40 42467.48 43927.05 47347.89 47347.89 47347.89
Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (£fam®) 3810.75 4186.24 4254.64 5186.11 5723.11 5887.40
Hydrogen consumption (£@n°) 3810.75 4186.24 4254.64 5186.11 5723.11 5887.40
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5
Natural gas Hydrogen production (faMJ) 60591.07 66561.20 67648.72 82459.32 90996.89 93609.58
Total t0 t1 t2 t3 t4 t5

Natural gas (10MJ)
Fuel oil (16 MJ)
Fuel gas (10MJ)

Coke (16 MJ)

108680.38 115879.33 117891.58 143683.76 143581.46 153673.32
147794.04 128534.76 146956.68 159517.08 166634.64 164541.24
7536.24 38518.56 39774.60 41868.00 44380.08 45217.44
55265.76 57777.84 59452.56 64895.40 69919.56 71175.60

Emissions

to t1 t2 t3 t4 t5

CO; emissions (Mtonnes/year)

30.52 30.63

24.72 24.13 26.18 28.82
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Table 5-26 - Utilities consumption and CO, emissions- Shadow 1A

Steam to t1 t2 t3 t4 t5
Low-pressure (LP) steam consumption®(i) -1333.18 -1335.12 -1230.55 -1329.25 -1465.15 -1498.16
Mediumpressure (MP) steam consumption®(1) | 30020.40 32226.61 36018.03 38112.31 39891.50 39880.95
High-pressure (HP) steam consumption®(#id) -1926.89 -466.36 261.90 237.25 137.74 101.91
Natural Gas - Steam production to t1 t2 t3 t4 t5
Natural gas LP steam production (£041J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 8511.91 8826.17 13325.05 11034.88 15436.91 10655.39
Natural gas HP steam production (104J) 0.00 0.00 0.00 4725.03 2299.10 7026.03
Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00

Fuel oil (16 MJ)

147794.04 148631.40 177939.00 185893.92 191755.44 190499.40

Fuelgas (16 MJ) 7536.24 38099.88 38099.88 40611.96 43961.40 45636.12
Coke (16 MJ) 55265.76 57359.16 60289.92 64058.04 70338.24 71594.28
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3551.16 4342.00 4775.47 5028.21 5297.89 5310.28
Electricity production (GWh) 3551.16 4129.96 4248.39 4248.39 4248.39 4248.39
Electricity grid (GWh) 0.00 212.05 527.10 779.83 1049.50 1061.90
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5
Natural gas Electricity production (10MJ) 39577.40 46027.95 47347.89 47347.89 47347.89 47347.89
Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fan®) 3810.75 5528.91 6581.37 7033.17 7717.14 7907.80
Hydrogen consumption (£@n°) 3810.75 5528.91 6581.37 7033.17 7717.14 7907.80
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5
Natural gas Hydrogen production (faMJ) 60591.07 87909.54 104644.04 111827.43 122702.38 125733.98
Total to t1 t2 t3 t4 t5

Natural gas (10MJ)
Fuel oil (16 MJ)
Fuel gas (10MJ)

Coke (16 MJ)

108680.38 142763.66 165316.97 170210.19 185487.17 183737.25
147794.04 148631.40 177939.00 185893.92 191755.44 190499.40
7536.24 38099.88 38099.88 40611.96 43961.40 45636.12
55265.76 57359.16 60289.92 64058.04 70338.24 71594.28

Emissions

to t1 t2 t3 t4 t5

CO; emissions (Mtonnes/year)

24.72 26.98 30.80 32.51 34.49 34.74
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Table 5-27 - Utilities consumption and CO, emissions- Shadow 2

Steam to t1 t2 t3 t4 t5
Low-pressure (LP) steam consumption®(i) -1134.67 -1342.51 -1330.27 -1418.34 -1511.13 -1280.00
Mediumpressure (MP) steam consumption®(1J) | 30042.89 33805.30 36876.47 39018.23 39987.82 21909.92
High-pressure (HP) steam consumption®(#id) -1592.61 -2146.90 -1871.60 -1394.55 -1291.15 -5160.50
Natural Gas - Steam production to t1 t2 t3 t4 t5
Natural gas LP steam production (£041J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 2832.25 8518.55 10049.84 7594.96 16168.25 15373.20
Natural gas HP steanproduction (16MJ) 7883.93 1487.82 5001.08 7610.06 0.00 0.00
Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00

Fuel oil (16 MJ)

133977.60 139001.76 146538.00 162866.52 167053.32 163285.20

Fuel gas (10MJ) 17584.56 40611.96 39774.60 42705.36 43961.40 44380.08
Coke (16 MJ) 50241.60 63639.36 61964.64 66151.44 68244.84 69919.56
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3292.92 4026.83 3973.62 4435.65 4619.43 4559.86
Electricity production (GWh) 3292.92 3941.82 3781.54 4205.10 4248.39 4187.93
Electricity grid (GWh) 0.00 85.01 192.09 230.55 371.04 371.94
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5
Natural gas Electricity production (10MJ) 36699.27 43931.24 42144.99 46865.48 47347.89 46674.07
Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fam®) 3621.10 4355.64 422437 5230.39 5675.79 5848.19
Hydrogen consumption (£@n°) 3621.10 4355.64 4224.37 5230.39 5675.79 5848.19
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5
Naturalgas- Hydrogen production (faMJ) 57575.47 91798.26 106749.64 113621.25 121512.34 125083.52
Total to t1 t2 t3 t4 t5

Natural gas (10MJ)
Fuel oil (16 MJ)
Fuel gas (10MJ)

Coke (16 MJ)

97106.99 144248.04 158944.47 168081.69 185028.48 187130.79
133977.60 139001.76 146538.00 162866.52 167053.32 163285.20
40611.96 39774.60 42705.36 43961.40 44380.08
50241.60 63639.36 61964.64 66151.44 68244.84 69919.56

17584.56

Emissions

to

t1 t2 t3

t4

t5

CO,emissions (Mtonnes/year)

22.78

25.81 26.32 29.22

30.38

30.34
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Table 5-28 - Utilities consumption and CO, emissions- Shadow 2A

Steam t0 t1 t2 t3 t4 t5

Low-pressure (LP) steam consumption®(i) -1134.67 -1280.61 -1206.45 -1289.39 -1356.76 -1574.85
Mediumpressure (MP) steam consumption® (1) | 30042.89 32642.99 36068.94 38129.59 39306.82 39629.26

High-pressure (HP) steam consumption®(#id) -1592.61 -1044.78 64.73 8.07 -132.48 326.59
Natural Gas - Steam production to t1 t2 t3 t4 t5
Natural gas LP steam production (£04J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 2832.25 7692.32 9404.97 15510.62 14411.22 17649.64
Natural gas HP steam production (104J) 7883.93  364.00 3747.99 0.00 2319.01 0.00
Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00
Fuel il (16 MJ) 133977.60 155748.96 176264.28 183800.52 187568.64 189243.36
Fuel gas (10MJ) 17584.56 39774.60 38518.56 41030.64 43124.04 45636.12
Coke (16 MJ) 50241.60 63639.36 62383.32 66570.12 71175.60 69919.56
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3292.92 4472.64 4722.23 495232 5108.95 5361.08
Electricity production (GWh) 3292.92 4213.78 4248.39 4248.39 4248.39 4248.39
Electricity grid (GWh) 0.00 258.87 473.84 703.94 860.57 1112.70
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5

Natural gas Electricity production (10MJ) 36699.27 46962.12 47347.89 47347.89 47347.89 47347.89

Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fan®) 3621.10 5773.48 6713.81 714598 7642.28 7866.88
Hydrogen consumption (£@n°) 3621.10 5773.48 6713.81 714598 7642.28 7866.88
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5

Natural gas Hydrogen production (faMJ) 57575.47 69254.63 67167.37 83163.20 90245.14 92986.25

Total to t1 t2 t3 t4 t5
Natural gas (10MJ) 97106.99 123909.07 123920.22 146021.71 152004.24 157983.77|
Fuel oil (16 MJ) 133977.60 155748.96 176264.28 183800.52 187568.64 189243.36
Fuel gas (10MJ) 17584.56 39774.60 38518.56 41030.64 43124.04 45636.12
Coke (16 MJ) 50241.60 63639.36 62383.32 66570.12 71175.60 69919.56
Emissions t0 t1 t2 t3 t4 t5
CO; emissions (Mtonnes/year) 22.78 28.45 30.97 32.64 34.05 34.48

The results show, in all scenarios, an increasdility consumption, which is a
consequence of the increaiscapacity of processing unita Shadow 1A ad Shadow
2A, the increasare even more significant, due to the higher presence of HDTI units,
which demand large amounts of steam, electricity and hydrogen.

With respect to the electricityhé options given to the model were to produce
electricity through existing cogeneratiomits, invest in additional cogeneratio
capacities as well as buy te&ctricity from the grid From the results it is possible to
see that in all scenarios,the model firstproduce electricity with the existing
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cogeneration capacity, and when it reach® maximum capacity, ibuys electricity
from the grid, since it is a cheaper optithran investing in additional cogeneration
capacities.

RegardingCO, emissionssince no environmental constraints have been applied
to the model, such as carbon tare€0, caps and as utilitiexonsumptios increase in
all scenariosthey also growNeverthless, theption of taxingas well as limitingCO,
emissionds available in the ORION modand could well be tested in other scenario
exercises Moreover, precigly because of the lack of environmental constraints, and
given that the model has the objective of minimizing cost, the cheapest fuels were
chosen, although they are the most polluting in terms of emissions, such as the fuel oil
produced by the refiningrpcess itself, with no associated purchase price, as well as the
coke produced and consumed at the FCC and RFCC units.

Although Shadow 1 and Shadow 1A present a lower crude oil consumption,
lower total oil derivatives production and a lower ADU capaatyel at tO, their C®
emissionsare slightly higher at thiperiod than those of Shadow 2 and Shadow 2A
scenariosThis can beexplained by greaterapacity leels of FCC, which consmes
high amountsof coke,and of HDS which has high hydrogen consumptienvhat, in
turn, increases the hydrogen production in tmgdrogen generating units, and
consequently increases ttotal consumption of natural gas.

Finally, the CQ emission valuesobtained for tO, in all scenariosare in
accordance with Petrobras estimates (PETROBRAS, 204fich state thatthe
Brazilian refining CQ emissionshave varied in recent years, betwee28 and 25

Mtonnes/year

Costs

As formerly presentedhé model’s objectivéunction consists in minimizinthe
total cost for supplying ligd fuels demand (in present value, i@nsidering all costs
for 2019, which incluees the crude oil purchase cost, the fuel and electricity purchase
costs to meet r entl, ithe eationd@ $rades tcastthe oil ip@ductsd e ma
imports coststhe national trades of oil products cogtse refining costs (processing
costs of installed andventually additional unitsthe invesment costs in additional
processing units capacitigbe investments costs hmarbor capacity expansipand the
revenues related to oil products expofable 5-29 details the totacosts, ie, the

125



resultingvalues for the objective functiokigure5-11 gives the sharen each scenatrio,

of thecost elemerstconsidered.

Table 5-29 - Total costs (Z)- Shadow scenarios

Scenario Total Cost (Z) - 10°US$
Shadow 1 743.26
Shadow 1A 749.42
Shadow 2 764.53
Shadow 2A 770.71
Shadow 1 Shadow 1A
B Qil purchass costs. n0il ot
® Fuel purchase costs Pt s
# Blectricity costs & Electricity costs
¥ Nationzl tradzs costs 8 Nationa] trades costs
B Imports costs B Impodts costs

B 0N costs - OFEX
# Imvestment costs - CAPEX
B CAPFX Harbor

u Od0 epsts - OFEX
o Iveshment eosts - CAFEX

B CAPEX Harbor
OFEX Cogenaration OFPEX Cozeneration
Shadow 2
Shadow 2A
B 01l prrchass costs 1 0il
B Fual purchaze cosls o Fedl costz
® Electrcity costs mmm&
B Natioaal tradss osts " ety eoss
. ot :Nanmalu—a:aemls
Tmports cosl

= 0&M costs - OFEX
= Ivestment costs - CAPEX
u CAPEX Harbor

OPEX Cogensration

= 0&M costs - OFEX
= Imvestment costs - CAPEX
o CAFEX Harbor

OFEX Cogeneration

Figure 5-11- Costs elements sharesShadow scenarios

According to the results, Shado® and Shadow2A scenarios are more
expensivehan Shadowvl and 1A scenarios, respectiveBespite having more exports,
which increases the exports revenues, and less imports, Shadow 2 aase2higler
crude oil consumption levelas well as higher capacities for alst all processing units
between t0 and t3. As the oil purchase castount for more than 80% tital costs,
and as theprocessing unit OPEX costs are part afhe highes cost shares (although
they represent% of the total) it was expected that Shad@ and 2A scenarios would
have a higher total cost than Shadow 1 and Shadow 1A scenarios.

Comparing Shadow 1A and Shadow 2Awith Shadow land Shadow 2
scenariosrespectivelythe firsts are more expensiv@esideshavinghigher processing
units capacigs higher consumptionof natural gas and electricitywhich have
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associated cogtsthese scenarios have significant investments in HDTI additional
capacities, as previously mentioned, which increases the total cost of the system.

In all scenarios, thiargest share of the total cost relates to the purchase & crud
oil, as already mentioneéhllowed by import costs and OPE26sts. In Shadow 1 and
Shadow 2 the oil purchase costs represent between &f%he total refining system
cost. In Shadow 1A an8hadow 2A it represent8%. Giventhat imports are higher in
the last two scenarios, there is a decreasthenshare of oil purchase costs aamd
increase in the share of imports costs, when comparing to the first two scenarios.

Lastly, dthough the cost of investing in a processing ufZAPEX) are known
to be higher than its O&M cos{OPEX), the OPEXshare of the totasystemcost is
higher, since it isan annualized castn addition, OPEX costs are associated with all
processing units, whether exigj or additionabnes while CAPEX are associated only
with additional capacitiedHence,the OPEXtotal system cost share is expected to be
higher.

The following section presents the resultstf@rCloudy scenarios.

5.2.2. Cloudyscenaries

As for theShadow scenarios, the Cloudy scenarios are first run for the four cases
presented irFigure 3-1, that is the multregional case without (Cloudy 1) and with
(Cloudy 1A)heavy f uel oi |l specifications from t1
reduce sulfur oxides (SOx) emissions from ships fuel, and the segjenal case
without (Cloudy 2) and with (Cloudy 2A) the heavy fuel oil specification.

Given that the oil dévatives demand o€loudy scenarios is very similar to that
of the Shadw scenario, with a total reductiat t5 of only %6, and with a very close
demand profile across all periodshe results obtained resembl
The only differencebetween thenrelate to quantities. The behavior of the results is
exactly the samelhis fact confirms the robustness of the ORION model. Given that a
very small change was madethe demand scenario, it wagpected that the results
would not show signi€ant differences.

Therefore this sectiondetailsonly part ofthe results that is, theoil derivatives
production,the oil derivatives imports and exportfhe processing units capacities and

thecosts Neverthelesshe remainderesults can be found Annex D
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Oil derivatives production

The results for each Cloudy scenario concerning their oil deresaproduction
by time period are presented below. For the Cloudy 1 and ClbAidgenarios, wich
are multiregional casesthe resultsare also presented by region of the model (S_S,
NE_S, RIMG_S, SP_S).

Cloudy 1 Cloudy 1A
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BGASOLIE o FEROSENE ADIESE. =FUEL GAS aLIG = NAPHTHA
= JETFUEL OL = FUEL OIL =HEATING FUEL OIL =GASOLINE =KEROSENE =DESEL
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" EETCOKE 8 FETCOKE

Figure 5-12 - Oil derivatives production - Cloudy scenarios

As may be observed iRigure5-12, the results, in terms of production profile,
areveryclos t o t he Shad owiith stightenodificaitioss g1 @he amoens
produced of each oil derivativelence, while Shadow 1 @eits a total production of
131.6Mtonnes/year in period t®nd Shadow 1A a production of 132RBonnes/year,
Cloudy 1shows a total production of 123\Mtonnes/year tad Cloudy 1A a production
of 124.9 Mtonnes/year in the same period, which representctes of 6.2% and
5.9, respectively. Similarly, Shado® has a total production of 129\8tonnes/year
and Shadow 2A a production of 131Ndtonnes/year in period t5, while Cloudy 2
presents a total production of 12IMionnes/year, and Cloudy 2A a prodoctiof 124.9
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Mtonnes/year.The corresponding eductions in these cases arel% and 5.%
respectively.

The largest productiom Cloudy 1 and Zcenariogoncerns to dieselpllowed
by fuel oil, naphtha and gasoliieeeFigure D-5 in Annex D. However, asn the
Shadow scenariosalthough gasolinealthough gasoline has one of the largest
production sharedts total produtton reduces between t0 and tB. Cloudy 1A and
Cloudy2A, the largest production also regards to diesel, however, fuel oil production is
lower from t1, due to the application of thdO regulation, making naphtitae second
largest oil derivatie produced, followed by gasoline

As for the Shadow 1A and Shadow 2A, despite this lower production of fuel oll
in Cloudy 1A and Cloudy 2A scenarios, it is still sufficient (except #),teven under
stringent sulfur specification, to meet the national demand. In order to achieve this
sulfur candition, investments in additional unstable hydrotreatment units (HDT 1) are
made, as will be shown later.

As regards LPG production, the ORION modsil reduce its production
throughout the time horizon, thus giving space for a higheduction of oter
derivatives.

The most visible differenceegarding the mduction ofoil derivatives between
the Shadow and Cloudy scenariegards to @gisel Cloudy 1 and Cloudy 2 present a
reduction on the production of this oil derivative ®5% and 6.9%and Cbudy 1A and
Cloudy 2A of 40% and4.6%, respectivelylt is understood that the smallest reduction
in scenarioFiA0 is because they have lower production of fuel(BMO regulation),
which gives spacfor the maintenance of a higher production of diesel.

Like in Shadow scenarioshé smallest producth shares (seEigure D-5 in
Annex D), in all scenarios, correspond to fuel gas, kerosene, petcoke and jet fuel oil.

Finaly, regardingthe multiregional casegCloudy 1 and CloudylA), the
results look like those of Shadow 1 and Shadowwigh respect to theil derivatives
production profile per period and region of the modealble D-3 and Table D-4 in
Annex D detail these resultsOnce againthe SP_S region presents the largest oil

derivatives production, falmostall products, folowed by the S_S, NE_S and RIMG_S

31 Again, at period t1 the production of fuel oil considerably reduces in these two scenarios, which is
considered to be a shddrm response of the model, given the application of IMO regulation in this
period, and which leads to imports of fuel oil. HoweVrom t2, the production is resumed, thus meeting

the demand for this oil derivative, and imports cease.
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regions with variations depending on the oil derivative and the pedAsdreviously
explainedthis is a consistent result, sin8®_S region has the highest refining capacity
among all regions, and, although S_S region has lower capacity than NE_S region, as
well as lower demand for derivatives, it receives fewer trades from other régamus

also imports- than NE_S region, as Iivbe still shown, which ultimately forces higher
production of oil derivatives in this region.

Oil derivatives imports and exports

The results for each Cloudy scenario concerning their oil derivaties imports by
time period are presented figure5-13. TableD-5 andTableD-6 in Annex D exhibit
the imports tin Cloudy 1 and CloudyA (multi-regionalframeworks) per period and
region of the model (S_S, NE_S, RIMG_S, SP_S)
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Figure 5-13- Oil derivatives imports - Cloudy scenarios

From Figure 5-13 it can be observed that, as for ttesults ofoil derivatives
production the oil derivatives imports resultssemble those of Shadow scenarios, with
small differences in terms of total imp® amounts, and imports quantites per oil
derivative.While Shadw 1 presents tat oil derivatives imports of 21.Ritonnes/year
in periad t5, and ShadowA of 21.0 Mtonnes/year, ®udy 1 shows total imports of
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20.8 Mtonnesyear and Cloudy 1A of 20.8tonnes/year in the same periodhigh
represent reductions of 1.8% and%,%especvely. Similarly, Shadow Zand Shadow
2A havetotal oil derivatives importsef 21.9Mtonnesyearin period t5, while Clody 2
show total imports of 22.1 Mtonnes/year, a@budy 2A of 22.3 Mtonnes/yearThe
correspondingeductions in these cases are 1.0% anthXespectively.

The most imported oil derivative in Cloudy scenarios is still gasoline, followed
by petcoke, LPG and jet fuel pibut less sthan in Shadow scenario&s regards fuel
oil, it is again imported only at t1, in Cloudy 1A and Clo@#y scenarios, which can be
under st ood a s-term respondeedivénsthe snplementation of the IMO
regulation in this period. From t2 onwards it is no longer impo#dad, all the fuel oil
demanded is producedeven under higher sulfur specificationshrough investments
in HDTI units.

As regards fuel oil, once again in all scenarios, even in the ones considering the
IMO specification, imports only occur attO andA&Lf t er t hat, the model 6
productionall the fuel oil demanded, as a consequence of the high price attributed to it
(OURSE results), which, in turn, makes it more advantageous to produce the oll
derivate, even if it is necessary to invest ydiotreating units to meet its stringent
specifications Still, in Cloudy 1 and Cloudy scenarios there argports of fuel oil at
periods t1, tZand t3, which is an outcome of the profile production of oil derivatives
(geared towards medium/heavy distils), that, in turn, can be influenced by oll
derivatives prices given by the OURSE model, which are expensive for medium
distillates and can lead to excessive exponted production.

Concerning dieselas for the Shadow scenariakere are imports fo4.97
Mtonnes/year at t0 in Cloudy 1 and Cloutix scenarios, and of 5.52 Mtonnesdy in
Cloudy 2 and Cloudy2A scenariosAs t0 is the calibration period of the model, its
results are the same for all scenarios. Agdiasée results are in accordamwa¢gh ANP
(2018) diesel imports data for 2015, of 5.8 Mtonnes/year (or 6,940.1 thoudameann
Still, in Cloudy 1 and Cloudy 2 there are imports of Mifonnes/yearand 2
Mtonnes/yeaat periodtl. However, as shown Iiigure5-14, from t2 onwards it starts
to be exported, varying from scenario to scenario the period in which export@start.
period t5 its exports are of 11.4 Mtonnes/year in Cloudy 1 and CldAdyenarios,
and of 11.0 Mtonnes/year in Cloudy 2 and Cloudy 2A scenahitisough exports of
diesel in Cloudy scenarios are higher at period t5, totabitagrom all periodsfor this

oil derivative specificallyare lower in Cloudy 1 and Cloudy 2 scensrisince diesel
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begins to be exported at a lateeriod of time than in Shadow 1 and Shadow 2
scenariosrespectively

As previously explained, the diesel prices generhiethe OURSE model, and
implemented in the ORION model are very high for diesehatend of the analysis
horizon,thus,it is interesting for the model to produce diesel surpluses, with the aim of
exportingthem. In additionit is worth mentioning the nation@thdes that occur in the
Cloudy 1 and CloudyLA scenarios, which have no litations within the model, but
only associated transportation costs, and which may lead the madeétdhe demand
for diesel ofcertain regions without the need for imports.

As regards naphtha, the same ocaarShadow and Cloudy scenaridhat is,
although Bazil is a net importethe model exports naptghfrom tO in Cloudy 1 and
Cloudy 1A, and from t1 in Cloudy 2 and Cloud®A. In addition to the high prices
generated by the OURSE model for tloi$ derivativei which leads the model to
produce surpluses in order to exporthe model has impaiand expor limits given
by classificationof oil derivatives (light, medium, heavy}hat may leave ibn the
threshold of choosing to produce or impbPG, naphthaand gasoline, for example,
since they are classificated as light derivativ8ébe same applies to other oil
derivatives, as diesel, kerosene, jet fuel oil, fuel oil and heating fuel oil, which are
classificated as medium derivatives. Regagdipetcoke, it is the only heavy oll
derivative in the model, thus it does not preslerdgshold results

Figure5-14 presentshe oil deivatives expats for the Cloudyscenarios.
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Figure 5-14 - Oil derivatives exports- Cloudy scenarios

As can be seeroil derivatives exports in Cloudy scenarifidlow the same
trend of exports of Shadow scenarios, that is, the two oil derivatives expof@éalidy
1 and Cloudy Zare dieel, naphtha,and fuel oil, and in Cloudy 1A and Cloudy 2A,
diesel and naphtha. NonethelessCloudy scenarios thttal expated quantities are
slightly greater than in Shadow scenarios (except for diesel, as already presented)
These results are consistent, as the demands for oil derivatives are slightlynlower
these casesandthe oil derivativesproduction and impostresudts have not shown
significant changé&om the Shadow scenarios.

Thus, the total sum of exportd all periods are of 50.4 Mtonnes in Cloudy 1,
49.6 Mtonres in Cloudy 1A, 55.39 Mtonnes in Cloudy 2 and 54.4 Mtonnes in Cloudy
2A. The same values for Shadgw&hadow 1A, Shadow 2 and Shadow 2A are,
respectively, 45.3 Mtonne45.5 Mtonnes52.9 Mtonnes and 49.2 Mtonnes.

Regardingthe multiregional casefCloudy 1 and CloudyLA), the results look
like those of Shadow 1 and Shadow, Mith respect to the oiimports/exportsper
period and region of the modeéks already mentionedlable D-5 and Table D-6 in
Annex D detail these resultdn sum,the results by region follow theame regional
logic as the results for Shadow scenarios, differing only in imported/exported quantities

as previously presented@hus on average, the regidhat imports the most is tiéE_D
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region, followed by the B D, S_ S and RIMG_Degions; and the ajor exporting
region is still SP_S, followed by RIMG_S, S_S and NE_S.

Processing units capacities

The results for processing unitapacitiegelate to both capacity levels in each
period of time as well as additional capacities, if &ngure5-15 exhibits the capacities
l evel s for each processing unit considered

Cloudy case, in each time period.
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Figure 5-15- Processingunits level capacities Cloudy scenarios?

As observedat period t0O, the capacities in all scenarios are exactly the aa
those of Shadow scenarios. As this is the base period, it wasyaéepected to have
this result. Thusat t0,the utilization factor of Cloudy scenasi@ontinue to be 87%4
for Cloudy 1 and Cloudy 1A, and 90s/for Cloudy 2 and Cloudy 2A.

Regardig the capacity leleover time, once again, all scenarios present a

tendency of growthStill, these capacitieimcreases occur either through investments in

%Results concerning the capacities of the hydrogeneration unit (CAPUGH) and cogeneration unit
(CAPCOG) are not represented in the graphs, giventtieat have units of measurement other than

Mtonnes/year. The resulting values these processingiits can be found in Annex.D
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additional capacities or through incremgrefining utilization factor, iethroughraising
theuse of existing capacities

Since the changesf oil derivativesdemand betweenCloudy and Shadow
scenarig isvery low, as previously presentedy lleaving the model free to invest in
additional processingnits capacitiesit continuesto makehigh investmentsalthough
smaler than in the Shadow scenarin.the specit case othe atmospheric distillation
unit, by running Cloudy 1 scenario without investnseonstraints, the model presents
atotal additionof 33.7 Mtonnes/year of CAPADU, agawith the purpose of expding
all excess productigrwhich corresponds prcipally to diesel, naphtha and fuel oil.
Moreover,investmend also occumainly in period t2(approximately 31.%onnes/year
of additional CAPADU only in this periodandthe atmospheridistillation capacities
in the Suth and Sé Pauloregionsare aost doubled.

Hence, as for the Shadow scenarios, neaximum limi of investments in
addiional CAPADU, per period, of 7.5 Mtonnes/yeanr 150 thousand of barrels per
day- was introduced in the moddlnder this new constraint, the model presents a total
invedment in additional CAPADU of 14.94 Mtonnes/year, or @llion of barrels per
day (Mb/d), pread over periods t2 and. tBhis value is approximately 30% lower than
in the Shadow scenario.

Regarding the capacities of all processing units, the daigereases in all
scenarios still relateafter theatmosphec distillation (ADU), to the vacuum siillation
(VDU), diesel hydrotreating (DIHDT) and unstable hydrotreating units (HDTI).
However, as for the ADU, capacity increasescur on a siler scée in Cloudy
scenarioghan in Shadow scenarios.

Despite the trend of capacity increas€loudy scenarios also shoavcapacity
reduction of REF and NAHDTinits, between4 and t5for Shadowl and Shadow 1A,
and between t&nd t5 for Shadow 2 and Shadow 2Ahis @n be explained by the
gasoline profile production per period, which follows the same trend of REF and
NAHDT units capacities in each scenario.

Regarding thgrowth of HDTI units capacitites, as in the Shadow st@s, the
Cloudy 1A and Shadow 2A scenarios presehigherincreasethan the Cloudy 1 and
Cloudy 2, what is explained by the application of the IMO sulfur specification in the
first two casesTherefore, inCloudy 1A and Cloudy 2A, imddition to incresing the
utilization of existingHDTI units capacitiesan even greater amount of investment in

additional unitds made
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For the Cloudy 1 and CloudyA scenarioswhich are multiregional cases,
TableD-9 andTableD-10in Annex Dpresenthe results of processing units capacities
per period and region of the model. It aamce agairbe seen that, on average, in both
scenarios the region with the highest mssing unit level capacity is the SP_S region,
which makes sense due to its higher maximum refining capacity (47.2 Mtonnesatyear)
t0, and to the results of regional investments in additional processing units capacities
After SP_S region, the second mgiwith the highest processing units level capacities
is the S_S region, followed by the RIMG_S region in the first two periodshand t
NE_S region in the last foyreriods.Although S_S region has lower maximuibU
available capacity (22.37 Mtonnes/yetltan NE_S region (25.77 Mtonnes/yeat)tO
and tl1,as well as lower demand for derivatives, it receives fewer trades from other
regions than NE_S region, as shown in the National Trades section, which ultimately
forces higher production of derivatives aoconsequent higher capacity levels in this
regionat periods t0 and tRegading the increase in capacitiesRIMG_Sand NE_S
regiors from t2, they ardue to investments in additional units capacities

In this context,Table 5-30, Table 5-31, Table5-32 and Table 5-33 present the
processing units additional capacities the Cloudy 1 and Cloudy 1A per period and
region of the model, and for Cloudy 2 and Cloudy 2A per period considered.

As it can be seen, the main investments in additional capacities after the
distillation unit (ADU) are for the diesel hydrotreating units (DIHDT) in Shadow 1 and
Shadow 2 scenarios, and for the unstable hydrotrating units (HDTI) in Shadow 1A and
Shadow 2A scenariogiowever,as already mentionethe additional capacities levels
are lower in Cloug than in scenarios

As for the Shadow scenaridg, Cloudy 1 andn Cloudy 1Athe investments in
additional capacities per region vary again by period, which can be understood to be a
consequence of the processing units capacitieadirexisting in each region, as well
as the regional demand scenario considered, the imports/exports, and national trades
results.Moreover, it caralsobe seerhat in the case of REF and NAHRIhits, even if
they have dotal capaity reduction at the ehof analysis horizgorthere are investments
in the first periods.The regions with the largest investmemts ADU additional
capacities are agaBP_S and RIMG_S.

136



Table 5-30 - Processing units additional capacties Cloudy 1

Additional Capacity tl t2 t3 t4 t5
(Mtonnes/year) S S NE_LS RIMG_S SP_S|Total | S S NES RIMG S SP_S|Total [S S NE.S RIMG_S SP_S|Total | S S NES RIMG_S SP_S|Total |[S S NE_.S RIMG_S SP_S| Total
ADU - - - - - - - 5.18 229 | 747 [1.96| - - 551 | 7.47 | - - - - - - - - - -
VDU 0.97| 0.62 0.53 151 | 3.63 | - - - - - - - - - - - - - - - - - - - -
NAHDT 0.26| 0.15 0.03 - 0.44 | 0.95| 0.25 0.62 - 182 | - - - - - - - - - - - - - - -
REF - - - 0.38 | 0.38 | 0.23| - - 0.75| 098 | - - - - - - - - - - - - - - -
KEHDT 0.29| 0.36 - - 0.65 | 0.56| 0.77 - - 133 - - - - - - - - - - - - - - -
DIHDT 0.98| 0.63 0.76 258 | 4.95|0.78| 3.32 3.20 4.73 | 12.03| 0.54| - - 1.84 | 2.38 (0.34| - - 041 | 075 | - - - - -
FCC - 0.53 - - 053 | - 0.81 - - 081 | - - - - - - - - - - - - - - -
RFCC - 0.37 - - 037 | - - - - - - - - - - - - - - - - - - - -
HDS 0.15| 0.64 0.27 0.18 | 1.24 | - - - - - - - - - - - - - - - - - - - -
ALK 0.18| 0.24 0.32 0.22 | 0.96 | 0.28| 0.39 0.40 0.40 [ 1.47 [ 0.09| - - 0.10 | 0.19 | - - - - - - - - - -
HDTI - - - - - - - - - - - - - - - 1.70 - 2.90 139 599 | - - 1.15 0.46 | 1.61

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDF Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatmentigrDIHDT i Diesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydrotreatmennit; UGH i
Hydrogengeneration unit
"MmPlyear

Table 5-31 - Processing units additional capacties Cloudy 1A

Additional Capacity t1 t2 t3 t4 t5
(Mtonnes/year) S_S NE_S RIMG_S SP_S|Total | S.S NE_S RIMG_S SP_S|Total [ S.S NE_S RIMG_S SP_S|Total | S 'S NE_S RIMG_S SP_S|Total | SSS NE_S RIMG_S SP_S| Total
ADU - - - - - 2.14| 1.49 3.84 - 7.47 | 0.03| 0.82 1.34 5.28 | 7.47 - - - - - - - - - -
VDU 056| 052 | 006 | 114|228/ - - - - - - - - - - - - - - - - - - - -
DSP - - - - - - - - - - - - - - - - - - - - - - - - -
NAHDT 0.34]| 015 | 115 - | 164 | 1.08| 057 | 0.60 - | 225 - - - - - - - - - - - - - - -
REF 0.08| - 093 | 0.14| 115]|033| - - 061 0.94 | - - - - -] - - - - - - - - -
KEHDT 0.43| 0.41 - - | 0.84 | 0.61| 0.60 - - 121 - - - - - - - - - - - - - - -
DIHDT 0.73| 1.09 1.29 299 | 6.10 | 1.38| 3.83 2.74 3.92|11.87|0.01| 0.28 0.46 1.80 | 2.55 | 0.09 - - 0.86 | 0.95 - - 0.02 0.17 0.19
FCC - 0.47 0.67 - 1.14 - 0.99 - - 0.99 - 0.09 - - 0.09 - - - - - - - 0.02 - 0.02
RFCC - 0.33 0.46 - 0.79 - - - - - - - - - - - - - - - - - - - -
HCC - - - - - - - - - - - - - - - - - - - - - - - - -
HDS 0.25| 0.63 0.81 0.28 | 1.97 - - - - - - - - - - - - - - - - - - - -
ALK 0.30| 0.29 0.31 0.33 | 1.23 | 0.37| 0.41 0.38 0.38 | 1.54 - 0.01 0.02 0.08 | 0.11 - - - - - - - - - -
COK - - - - - - - - - - - - - - - - - - - - - - - - -
UGH! - - - - - - - - - - - - - - - - - - - - |6229] - - 289.60| 351.89
HDTI 3.22| 1.79 2.47 2.35] 9.83 [ 3.14| 3.68 3.64 5.51 | 15.97]0.05] 0.20 0.34 1.39 | 1.98 | 0.38| 0.02 0.03 3.67 | 410 | 0.17 - 0.12 1.07 1.36

ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatment unijHDT i Diesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCC Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydrotreatment unfGH i
Hydrogengeration unit
MmPlyear
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Table 5-32 - Processing units additional capacties Cloudy 2

Adg&h‘gﬂﬁ;gﬁ‘/gi‘ﬁ;w nle |Blu| s
ADU - 747|747 - | -
VDU 662 - | - | - | -
DSP oo -] -
NAHDT 263396 - | - | -
REF 1470209 - | - | -
KEHDT 152 137|005 - | -
DIHDT 6.48/12.11| 2.50| 0.46| -
Fce 317/ 091|037 - | -
RFCC 221 - | - | - | -
HCce S -] -
HDS 302 - | - | - | -
ALK 052| 140|017 - | -
COK oo -] -
UGH! - - - - -
HDTI | - | - |s48| 198

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDF Naphtha hydrotreatment unit; REF
Catalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHDTDiesel hydrotreatmentnit; FCCi Fluid Catalytic Cracking unit; RFCC
I Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COK1 Delayed Coking unit;

HDTI i Unstable hydrotreatment unit; UGHHydrogengeration unit
Mm?lyear

Table 5-33 - Processing units additional capacties Cloudy 2A

Ad(‘mgzﬁgggng)'ty |2 |slu| s
ADU - | 746 |7.47] - -
VDU 554 - | - | - -
DSP - . -

NAHDT 402 | 426| - | - -
REF 266 | 204 | - | - -
KEHDT 1.86 | 1.32|0.01| - -
DIHDT 7.97 | 11.87| 2.58| 0.82| 0.05
Fcc 321 111 |037] - -
RFCC 224 - | - | - ;
HCC - . -
HDS 331 - | - | - -
ALK 0.80 | 1.52 |0.09] - -
COK - . -
UGH! - - | - | - |163.66
HDTI 11.26 15.49| 2.50| 3.64| 1.81

ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REF
Catalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDiesel hydrotreatment unit; FCICFluid Catalytic Cacking unit; RFCC
I Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COK1 Delayed Coking unit;

HDTI i Unstable hydrotreatment unit; UGHHydrogengeneration unit
Mm®/year
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Costs

The lastresults tdbe presentedor the Cloudy scenarios are the co3isble5-34
details the total costs, ie, the resulting values for the objective fun€tiguare 5-16
gives the share, in each scenard,the cost elements considered, which are, as
previously presentedhe crude oil purchase cost, the fuel and elecrimitrchase costs
r ef i n e thednationalttradesi costhe sil prddrctsaimpdrts
costs the national trades of oil products cogst® refining costs (processing costs of

to me et

installed anceventually additional unitsjhe invesment @sts in additional processing

units capacities, the investments costs in harbor capacity expansion, and the revenues

related to oil products exports

Table 5-34 - Total costs (2)- Cloudy scenarios

Scenario Total Cost (2) - 10° US$
Cloudy 1 729.47
Cloudy 1A 736.25
Cloudy 2 751.19
Cloudy 2A 757.94
Cloudy 1 Cloudy 1A
B 0il purchase costs B 0il purchase costs
mFuel purchase costs = Fuel purchase costs

HElectricity costs

W Nafional trades costs

B Imports costs

B O&M costs - OPEX

o Investment costs - CAPEX

B Electricity costs

m Nafional trades costs

B Im ports costs

B O&M costs- OPEX

m Investment costs - CAPEX

© CAPEX Harbor 5 CAPEX Harbor
OFEX Cogeneration OPEX Cogeneration
Cloudy 2
Cloudy 2A
B Oil purchase costs
m Fuel purchase costs B 04l purchase costs
B Electricity costs ® Fuel purchase costs

m National trades costs
B [mports costs
B O&M costs- OPEX
o Investment costs - CAPEX
B CAPEX Harbor
OPEX Cogeneration

Figure 5-16 - Costs elements sharesCloudy scenarios
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As expected, the total costs are lower in Cloudy scenarios than in Shadow
scenariosCosst variationsare on averagefor all Cloudy scenarios, ohpproximately
13.3billions of dollarsless which represent a reduction of 2¥hese differences can
be exphined for a number of reasofide first one concernke crude oil consumption.

As the total crude oil consumption is lower in Cloudy scenarios, the crude oil purchase
costs are also less expensive. In addition, as capacity levels are lower, OPEXecosts ar
reduced Concerning imports and exports, iagorts are smaller in Cloudy scenarios,
their costs are lower than in Shadow scenaAo®the difference is related to CAPEX
costs(investments in additional processing units capacities). A&andy scenaos the
amounts of additional capacities are lower, the CAPEX costs are diminShethe

other hand, as previously presented, the total exports are higher in Cloudy scenarios,
which increases their revenues, and whiahy explain a smaller reductiontiotal costs

than in the production obil derivatives, for examplewhen comparing Cloudy with
Shadow scenarios.

Regarding the comparison @ioudy scenarios between themsalyas for the
Shadows, Cloudf and Cloudy2A scenarios are more expensikian Cbudy1 and 1A
scenarios, respectively. Despite having more exports, which increases the exports
revenues, and less imports, Cloudlyand 2A have higher crude oil consumption levels,
as well as higher capacities for almost all processing units between t0 and t3. As the oil
purchase costs account for more than 80% of total costs, and as the processing units
OPEX costs are part of theghest cost shares (although they represent 1% of the, total)
it was expected that Cloud¥ and 2A scenarios would hagehigher total cost than
Cloudy 1 and Cloud{A scenarios.

Moreover, Cloudy 1A and Cloud®A are more expensive than Cloudy 1 and
Cloudy 2 scenarios, respectively. Besideaving higher processing units capacities
higher consumptiof natural gas and electricitgde Annex [P these scenarios have
significant investments in HDTI additional capacities, as previously mentioned, which
increases the total cost of the system.

Finally, it is important to mention again that although the costs of investing in a
processing unit (CAPEX) are known to be higher than its O&M costs (OPEX), the
OPEX share of the total system cost is higher, sinceait @nnualized cost. In addition,
OPEX costs are associated with all processing units, whether existing or additional
ones, while CAPEX are associated only with additional capacities. Hence, the OPEX

total system cost share is expected to be higher.
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The next section presents ttesults forthe Shiny scenarios.

5.2.3. Shinyscenaris

The Shiny scenariosnlike the Clouly, have areductionof approximately 4%
in the total demand for oil derivativest period t5, whercompared to the Shadow
scenaris. Therefore, its resultdiffer considerably from those obtained the two
scenarios presentdéfore

As in the previous scenaridake faur cases presented kiigure 3-1 are runthat
is, the muti-regional case without (Shiny 1) and with (Shitgp) heavy fuel oll
specifications from t1, i n |l ight of the I M
emissionsfrom ships fuel, and the silggregional case without (Shiny 2) and with

(Shiny2A) the heavy fuel oil specification.

Crude oil consumption

The results focrudeoil consumption are presented, firstly by typecaideoll
(crude 1, crude 2, crude &hdcampaigndieseli crude 1d, crude 2d, crude 3d; naphtha
i crude 1n, crude 2n, crude 3n)each period of tim@o0, t1, t2, t3, t4 and t5). Then, for
the Shiny 1 and ShinyA scenarios, which are multegionalcasesthe results ofrude
oil consumptiorare presenteldy type of crudeil (crude 1, crude 2, crude,3)ampaign
(diesel and naphthand region of the modég_S, NE_S, RIMG_S, SP..S)
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Figure 5-17 - Crude oil consumption bytype of crudeoil and campaign- Shiny scenarios

From Figure 5-17 it is possible to note that thetal consumption of crudeil
growsuntil period t2 in Shiny 1 and Shiny 2 senarios, and until period t1 in Shiny 1A
and Shiny 2A and then undergoes a deceeastil the period t5This trajectory is a
consequence of the demand scenario considasdell as gart ofthe ORION model
response, thatonsisted, as will be shown later, tre greater utilization othe existing
refining processing units capacitiesthe first periodsfollowed bythe reduction othe
refining utilization factor.

Concerningthe crude oil consumption profilen iall cases, from tbnwards,it
consists of usingnly crude 3with a naphthand some dies€in Shiny 2 at period t4)
campaigs. As previously explainedgrude 3is the cheapesbption for the model
Moreover as for the Shadow and Cloudy scenaribs,refining production profile in all
Shiny scenarios is aimedit mediumheavy distillates, furtdr justifying its use.
However,Shiny scenariosrpsented less presence of cr@deith diesel campaign than
the first two groups of scenariobhis an be explained by the fact thhe biggest drop
in the production ofoil derivatives,as will be shownwhen comparing the Shiny
scenarios with the two previous ones, concdrasel.

Despite the similarity in the consumption profile of the three scenarios (Shadow,
Cloudy and Shiny), theéotal amount consumed in the Shiny scenarios is noticeably
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lower thanin the previous case$able5-35 presents the total crude oil consumption at
period t5 for all Shadow, Cloudy and Shiny scenarids. can be observedhe
reductiors between Cloudy and Shadow scenarios is not significlietween 5 and 6%
depending on the casénowever, the differensdetween Shiny and Shadow scensirio
iIs more than 50% in all caseshich is a result of theil derivativesdemand scenarso

consideretf,

Table 5-35 - Total crude oil consumption at period t5 (Mtonnes/year)

Shadow 1| 131.6| Shadow 1A| 132.8| Shadow 2| 129.9| Shadow 2A| 131
Cloudy 1 | 123.5| Cloudy 1A |124.9| Cloudy 2 | 121.9| Cloudy 2A | 124.9
Shiny 1 | 62.3 | Shiny 1A | 48.4| Shiny2 | 57.4 | Shiny 2A | 45.9

As in Shadow and Cloudy scenrios, @griod tQ the Shiny 1 and Shin{A
scenams show in addition to the consumption of crude 3 with naphtha and diesel
campaignsa consumption of crude 1 with naphtha and dieaetpaigs, and crude 2
with naphtha; and Shiny 2 and Shiny 2A show astmnption of crude 1 and 2 both
with naphtha and diesel campaigsgain, this result demongates a good model
calibration capability in all scenariosand agood optimizing ability, sincegespite
choosingto use only crude 3 from t1, it identifiekfferent possibilities of crudes and
campaigns in the base year.

Concernigy the differences between Shiny 1 and Shiny 1A, and Shiny 2 and
Shiny2A, the application of a lower sulfur content for fudliai A-type scenarios (from
3.5% to 0.5% in light of the IMO specificatiod)d not altey in this casethe crude oll
consumptiorprofile.

Figure5-18 andFigure5-19 presenthe crude oil consumption per type of crude,
campaign and peregion of the model for Shiny 1 arshiny 1A (multi-regional

scenarios).

% This suggests the need to study more carefully the decommissioning of refining units (especially costs),

which is not conslered in the ORION model.
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Figure 5-18- Crude oil consumption bytype of crudeoil, campaign and region- Shiny 1
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Figure 5-19- Crude oil consumption by type of crude oil, campaign and region Shiny 1A
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In both scenarios the regiontivthe highest oil consumptias the SP_S region,
at all periodswhich makes sense due to its highermefy capacity among all regions
After SP_S regiomt tO and t1the second most edorsuming region is the S_S region,
followed by RIMG_S regiarHowever, between periods t2 and tde amount of crude
oil consumed in region S_S declines more than in the other regpeosming NE_S
region the second msboil consuming during this period. At period t5, RIMG_S shows
a greater crude oil consumption than NE_S and S_S regigan, dthough S_S
region has lower refinig capacity than NE_S region, as will be presented, as well as
lower demand for derivativest receives fewer trades from other regions than NE_S
region, at periods tO and tl1, as will be shown in the National Trades section, which
ultimately forces higher production of derivatives and a consequent higher consumption
of crude oil in this region.

As regardsthe types of crudes and campaigns in each region, both scenarios
present the same profile consumption at t0, ie, S_S region shows a consumption of
crude 1 with naphtha and diesel campaigns, and of crude 3 with diesel campaign; NE_S
region havea consumption of crude 1 with naphtha campaign, and crude 3 with diesel
and naphtha campaigns; RIMG_S region presents a consumption of crude 2 and 3 with
naphtha campaign; and SP_S region shows a huge consumption of crude 2 with naphtha
campaign, and alsa consumption of crude 3 with naphtha campakgexplained for
the Shadow scenariod)etse results are a consequence of the scenario of demand for
derivatives by region, and are related to results of production of derivatives bg,regi
national tradesral importséxports by regionAs an example, the demand for naphtha,
gasoline and LPG is higher in NE_S region than in other regndnish leads to higher
consumption of crude (light crude oil)with naphtha campaign at t0 in this regi@n
the other had SP_S region presents a higher demand for diesel, jet fuel and fuel oil
than other regionsaand the second largest demand for light derivatives (LPG, naphtha
and gasoline)which justifies the use of crude 3 with diesel campaigoused on the
production of mediumheavy distillates and also the use of crude 2 with naphtha
campaign (medium crude oil, but with a campaign geared towdaydgmediul
distillates.

Finally, at period t1 both scenarichow the consumption of crude 3 with
naphtha (mainly)and diesel campaing, anch addition, the scenario Shirly shows

higher consumption of crude 3 with diesel campadltan Shiny 1A(explained by the
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model'sshortterm response to redubeel oil production due to the applicatiaf the
IMO regulation in he Shiny 1A scenario in this perind

Oil derivaties production

The results for each Shiny scenario concerning their oil derivatives production
by time period are presented below. For the Shiny 1 and SAirscenarios, wich are
multi-regional casegheresultsarealsopresented by region of the model (S_S, NE_S,
RIMG_S, SP_S).
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Figure 5-20- Oil derivatives production - Shiny scenarios

The oil derivatives production results present, as for theecoil consumption,
an ircreaseauntil period t2 in Shiny 1 and Shiny 2 senarios, and until period t1 in Shiny
1A and Shiny 2A, and then a decreasél the period t5.

Like in Shadow and Cloudy enarios,all Shiny scenarios havéhe production
focused ordiesel,at all time periodsnonetheles#s production share decreases over
time. Productions of gasoline, fuel oil and naphtha are sigoificantamong all oil
derivatives (sedable5-36, Table5-37, Table5-38 andTable5-39).

In Shiny 1 ad Shiny 2, g@soline share also decreases dhetime horizon but
not as much as diesel shamgphtha share decreases at petigdbut at period t2 it
grows, and remains practically constant between periods t3 and t5; and fuel oil share
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considerably increasdbroughout the analysis periodls regards Shiny 1A and Shiny

2A, gasoline share increases over time, and fuel oil sheverareases, but not as much

as in Shiny 1 and Shiny 2 scenarios. Such changes can be explained by the

implementation of the IMO regulation in Shiny 1A and 2A scenadnd,were not seen
in the Shadow/Cloudy 1A and Shadow/Cloudy 2A scenarios. As inhibsetases
diesel production haaslways remained very highe application of IMQegulationhas
influenced the dropin fuel oil production, while it increaseddiesel production.
Moreover, in Shadow/Cloud% and Shadow/Cloudy2 casesthere was no growth

fuel oil production due to the high growth in diesel production.

As regards LP&, jet fuel oil and petcokethe ORIONmo d e |l 6 s

resul

reduction in theioutput oer the time horizon, meeting thelemands mainly through

imports.

Table 5-36 - QOil derivatives production share- Shiny 1

Oil product t0 t1 t2 t3 t4 t5
Fuel gas 0.7% | 0.7% | 0.7% | 0.7% | 0.7% | 0.7%
LPG 48% | 3.6% | 3.7% | 2.9% | 2.8% | 2.8%
Naphtha 17.1%| 12.1%| 15.3%| 17.1%| 17.8%| 17.8%
Gasoline 13.4%]| 15.1%| 15.0%| 12.1%| 11.4%| 11.6%
Kerosene 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
Diesel 41.0%| 45.9%| 38.3%| 34.1%| 35.6%| 33.8%
Jet fuel ol 3.3% | 25% | 3.0% | 2.9% | 0.0% | 0.0%
Fuel oil 13.4%| 14.1%| 18.5%| 25.2%| 26.9%| 28.6%
Heating fuel oil | 3.6% | 3.1% | 2.7% | 2.5% | 2.5% | 2.4%
Petcoke 15% | 1.6% | 1.6% | 1.4% | 1.4% | 1.4%

Table 5-37 - Oil derivatives production share- Shiny 1A

Oil product t0 t1 t2 t3 t4 t5
Fuel gas 0.7% | 0.7% | 1.0% | 0.7% | 0.7% | 1.1%
LPG 4.8% | 3.7% | 4.3% | 2.9% | 2.8% | 4.3%
Naphtha 17.1%| 13.0%| 17.2%| 17.8%| 17.9%| 17.3%
Gasoline 13.4%]| 15.9%| 16.6%| 11.6%| 11.4%| 17.2%
Kerosene 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
Diesel 41.0%| 47.9%| 42.2%| 39.8%| 37.9%| 33.3%
Jet fuel ol 3.3% | 2.8% | 0.0% | 0.0% | 0.0% | 0.0%
Fuel oil 13.4%| 9.1% | 12.4%| 20.8%| 22.9%| 20.4%
Heating fuel oil | 3.6% | 3.6% | 2.9% | 3.4% | 3.4% | 2.9%
Petcoke 15% | 1.6% | 2.1% | 1.4% | 1.4% | 2.2%

%t is possible that LPG will come from Natural Gas Processing Units (NGPU) and not imports, but the

ts

ORION model does not do this analysis, which is indicated as a possible model enhancement in future

studies.
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Table 5-38 - Oil derivatives production share- Shiny 2

Oil product t0 t1 t2 t3 t4 t5
Fuel gas 0.6% | 0.8% | 0.7% | 0.7% | 0.7% | 0.6%

LPG 50% | 44% | 3.7% | 3.1% | 2.8% | 2.9%
Naphtha 21.6%| 10.8%| 15.5%| 16.7%| 16.1%| 17.8%
Gasoline 11.6%| 16.2%| 15.0%| 12.6%| 11.5%| 11.5%
Kerosene 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

Diesel 38.9%| 45.3%| 38.6%| 34.2%| 36.5%| 33.8%
Jet fuel ol 4.0% | 25% | 2.7% | 2.7% | 0.0% | 0.0%
Fuel oil 12.7%| 13.9%| 18.3%)| 25.1%| 27.6%| 28.6%

Heating fuel oil | 3.1% | 3.1% | 2.7% | 2.6% | 2.5% | 2.4%
Petcoke 14% | 1.7% | 1.7% | 1.4% | 1.4% | 1.4%

Table 5-39 - Oil derivatives production share- Shiny 2A

Oil product t0 t1 t2 t3 t4 t5
Fuel gas 0.6% | 0.8% | 1.0% | 0.7% | 0.7% | 1.0%

LPG 5.0% | 45% | 4.7% | 3.3% | 3.0% | 4.2%

Naphtha 21.6%| 11.9%| 16.0%| 16.6%| 17.2%| 17.3%

Gasoline 11.6%| 17.5%| 18.1%| 13.0%| 12.0%| 16.6%

Kerosene 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
Diesel 38.9%)| 46.9%| 41.7%| 38.3%| 37.5%| 33.3%
Jet fuel oil 4.0% | 2.7% | 0.0% | 0.0% | 0.0% | 0.0%

Fuel oil 12.7%| 8.8% | 11.9%| 21.6%| 23.2%| 21.1%

Heating fuel oil | 3.1% | 3.6% | 2.9% | 3.4% | 3.5% | 2.9%

Petcoke 14% | 1.7% | 2.4% | 1.5% | 1.4% | 2.1%

Concerningthe multiregional case¢Shiny 1 and Shiny 1A)Table 5-40 and
Table5-41 presentther oil derivativesproduction per period and region of the model.
As can be seerms for the oil consumption results by regi®®_S region presents the
largest oil derivatives productioAfter SP_S region, at tO antl, the seconthrgest oil
derivatives producingegion s the S_$S followed by RIMG_S region. However,
between pericglt2 and t4, the production ofl derivatives byregion S_S declines more
than in the other regions, becoming NE_S largest oil derivatives produsgign
during this period. At period tRJMG_S shows greater oil derivatives productitiman
NE_S and S_S regions
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Table 5-40 - Oil derivatives production per period and region- Shiny 1

[ t 2 3 4 5
Oil product (Mtonnes/year) | ¢ I\ 5| ravc s |sp s|s s|Ne_s|riMc_s|sp s| s s|Ne_s|rivc s|sp s| s s|nNe s|rimc s|sp s| s s|Ne s|rive_s|sp s| s s|Ne_s|rime s|sp s
Fuel gas 015/ 010 | 014 |o037|015| 0.12| o013 |036|019| 0.15| 017 | 030|008 013 | 013 | 022|005/ 011 | 008 |o0.23|005| 0.08| 010 | 020
LPG 089| 075 | 090 |229|062| 057| 058 | 189|096 0.78 | 071 | 162|031 060 | 053 | 1.00|0.22| 044 | 032 |094|019| 033| 041 | 084
Naphtha 3.26| 382 | 4.04 | 625|249 289 | 338 | 3.50|3.64| 428 | 348 |550|201| 351 | 338 |526|139| 280 | 204 |599|121] 1.90| 263 | 538
Gasoline 206| 143 | 215 | 7.94|246| 217 | 243 |830|355| 292 | 289 | 721|128 233 | 216 |424|089| 1.79| 130 | 382|077 1.32| 168 | 3.43
Kerosene 0.00| 0.00| 000 | 000|000 000| 000 | 0.00]|0.00| 000| 000 | 000|000/ 000| 000 |o000] 000 000| 000 |o000|000 000]| 000 |0.00
Diesel 9.02| 7.83| 7.93 |16.92|9.89| 839 | 856 |19.75/8.78| 9.88 | 671 |17.08/450| 657 | 6.28 |10.88|2.81| 567 | 3.85 |12.03|2.20| 362 | 497 |10.16
Jet fuel oil 053| 0.62| 071 | 151|043| 0.48| o058 | 105|063 0.72| 060 | 1.32|031| 058 | 056 | 0.96|0.00| 0.00| 000 | 0.00]|0.00| 0.00| 000 | 0.00
Fuel oil 423| 270 | 287 | 385|401| 260 | 318 | 452|227| 425 | 475 | 919|216| 513 | 499 | 860|205 414 | 3290 |894|195 295| 425 | 868
Heating fuel oil 057| 063 | 072 | 172|062 053 | 059 | 140|051| 064 | 048 | 1.38|031| 047 | 046 |o085|019| 039 | 027 |o083|016] 025| 036 | 073
Petcoke 031| 021 | o027 |o077]031| 027| o027 |077|046| 037 | 035 | 063|015/ 029 | 026 | 045|011 021 | 016 | 046|009| 016 | 020 | 041

Table 5-41 - Oil derivatives production per period and region- Shiny 1A

t0 t1 t2 3 t4 t5
Oil product (Mtonneslyear) " T e sTRIMG. S | SP_S| S.S | NE_S| RIMG_S | SP_S| S_S| NE_S| RIMG_S | SP_S| S_S| NE_S| RIMG_S | SP_S| S_S| NE_S| RIMG_S | SP_S| S_S| NE_S| RIMG_S | SP_S
Fuel gas 015/ 010 | 014 |037|015| 012 | 013 |036|022| 011 | 017 | 046|009| 0.10| 011 | 0.18|0.09| 009 | 007 | 0.18]|0.06| 0.05| 016 | 0.24
LPG 089 075 | 090 | 229|o060| 056| 072 | 190|108 058 | 071 | 1.94|037| 0.46| 044 | 081[037| 039 | 031 | 0.75|0.24| 019 | 066 | 0.99
Naphtha 326 382 | 404 |625|331|324| 235 |433|350| 314 | 348 |7.07|235| 266| 281 |481|235| 234 | 199 |477|132| 122| 211 | 3.73
Gasoline 206| 143 | 215 |7.94|244| 216 | 330 |820|402| 215| 289 | 7.64|150| 1.78| 179 | 3.16|150| 153 | 1.27 | 3.04|096| 0.78 | 2.64 | 3.96
Kerosene 0.00| 0.00 | 000 |o0.00]|000]| 000| 000 |o0.00|000| 000| 000 |o0.00]|000| 0.00| 000 |000]|000| 0.00| 000 | 000|000 0.00| 000 | 0.00
Diesel 902| 7.83| 7.93 |16.92]10.07| 1050| 8.87 |19.22|8.78| 9.25| 7.34 |17.08/5.84| 657 | 568 |10.13|504| 560 | 4.01 | 9.63|245| 223 | 420 | 7.24
Jet fuel oil 053 062 | 071 | 151|055| 054 | 058 | 115|000/ 0.00| 000 | 0.00]0.00| 0.00| 000 | 000|000 0.00| 000 | 000|000 0.00| 000 | 0.00
Fuel oil 423| 270 | 287 |385|275| 000 | 260 |390|219| 146 | 442 | 442|216| 251 | 389 | 6.24|296| 237 | 275 | 660|195 1.92| 189 | 411
Heating fuel oil 057| 063 | 072 |172|074| 061| 078 | 151|055 059 | 066 | 111|045 051 | 054 | 092|045 0.45| 038 | 092|025 024 | 031 | 0.60
Petcoke 031| 021 | 027 |077|030| 027 | 027 |o078|053| 027| 035 |o097|018| 0.22| o021 |039|018| 0.19| 0.5 | 0.36|0.12| 0.09| 034 | 050
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Oil derivatives imports and exports

The results for each Shiny scenario concerning their oil derivaties imports and
exports by time period are presented beloar. the Shinyl and ShinylA scenarios,
which are multiregionals theresultsare also presented by region of the model (S_S,
NE_S, RIMG_S, SP_S).
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Figure 5-21 - Oil derivatives imports - Shiny scenarios

The oil derivatives imports results show thdéspite the downward trend in
refining capacity and in the production of oil derivatiy@gviously shownimports
continue to followthe same upward trend in the last analpgsods, andeyond that,
at t4 and t5 the total imparbf derivatives is euve higher than in the Shadow and
Cloudy scenariosThe bigges differencesin relation to the Shadow and Cloudy
scenarios are in the importg naphtha and diesel in the last periods of tiias is
explained by the ORION model choice of drastically redheeproduction of most oil
derivatives, mainly diesel, and maintain imports in order to meet their demands.

While Shadow 1 presents total oil derivatives imports of 21.2 Mtonnes/year in
period t5, and ShadowA of 21.0 Mtonnes/year, Shiny 1 shows totaports of 22.3
Mtonnes/year and Shiny 1A of 28Mtonnes/year in the same perio8imilarly,
Shadow 2 and Shadow 2A have total oil derivatives imports of 21.9 Miyeaesn
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period t5, while Shiny 2 show total imports of 28Monnes/year, and Cloudy 24 o
31.4 Mtonnes/year.

The most imported oil derivative in Shiny scenarios is still gasoline, followed by
petcoke, LPG and jet fuel oil. However, in Shiny 1A and Shiny 2A, at periods t4 and t5,
the imports of naphtha exceed gasoline imports, and at péridettel becomes ¢h
third largest oil derivative imported. As regards fuel oil, it is again imported only at t1,
in Shiny 1A and Shiny 2A scenari ogem whi ch
response given the implementation of the IMO regulatiorthia period. From t2
onwards it is no longer imported, and all the fuel oil demanded is prodeset under
higher sulfur specificationis through investments in HDTI units, resulting in surpluses,
which are exported (sdagure5-22).

Concerning exports, itan be noted thatotal exports are lower in Shiny
scenarios than in Shadow and Cloudy scenarios. In addtiesel is no longer
exported, which was expectedealto the high drop in its productioBomparing all the
scenarios, théotal sum of exports of all periods are48.8 Mtonnes in Shiny 1, 18.1
Mtonnes in Shiny 1A, 45.9 Mtonnes in Shiny 2, 23.2 Mtonnes in Shiny 5D/
Mtonnes in Cloudy 1, 49.6 Mtonnés Cloudy 1A, 55.39 Mtonnes in Cloudy 2 and 54.4
Mtonnes in Cloudy 2A. The same values for Shadowl, Shadow 1A, Shadow 2 and
Shadow 2A are, respectively, 45.3 Mtonnes, 45.5 Mtonnes, 52.9 Mtonnes and 49.2

Mtonnes.

151
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Figure 5-22 - Qil derivatives exports- Shiny scenarios

For the Shiny 1 and ShinylA scenarios, which have a mulégional
framework,Table 5-42 and Table5-43 present the results of oil derivatives imports and
exports by region of the model (S_D, NB, RIMG_D, SP_P They show thaton
average, the region that imports the most is the DNEEegion, followed by the S_D,
SP_D and RIMG_Iegions; and the major exporting region is still SP_SovWedid by
RIMG_S, NE_S and &.
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Table 5-42 - Qil derivatives imports and exports per period and region Shiny 1
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Table 5-43 - QOil derivatives imports and exports per period and region Shiny 1A
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National trades

As already explainedthe national trades concern the trades of oil derivatives
between Brazilian regions of supply (S_S, NE_S, RIMG_S, SP_S) and demand (S_D,
NE_D, RIMG_D, SP_D)n Shiny 1 and ShinylA sanarios, which are the multi
regional cases.

Analyzing the results, which are presentedTaible D-15 and Table D-16 in
Annex D, it can be observed that they do sanificantly differ from those ofShadow
and Cbudy scenarios, in terms ofgions between which the trades ocdarfact, the
changes @ practically related to the traded quantities.

Hence, theesults for the Shing and Shiny 1A show thdtPG ismostlytraded
from SP_S to RIMG_DFor naphtha, the trades are mostly from RIMG_S to NE_D,
with some trades fra SP_S to S_D at periods t3,add t5, and from SP_S to RIMG_D
at t4 Concerning gasoline, the trades are usually from SP_S to S_D and RIMG_D. For
diesel from RIMG_S to NE_D and SP_&nd from SP_S to S .[Forjet fuel oil they
are always from S_S to SP_DPor fuel oil from RIMG_S to M_D. As regards
kerosene, heating fuel oil and petcoke, there are no trades between regions for the
scenario in question.

As pointed out in previous scenaridsege resultseflect the demand shares for
products applied in each region, which were kept the same throughout the analysis
horizon, as well as the production capacity of each product in each region, according to
the existing processing unitBor instancepil prodwcts demands are very high in the
NE_S region, which, despite having considerable production capacity, is unable to meet
these demands. For this reason, it is an importing region, both in terms of international
imports, and in terms of trades from otherioeg of the modelAnoter example is the
RJMG _S region, thagends naphtha to NE_D in the two scenarios analyzed, which is a
consequence of this region's production profile and also its lower demand for naphtha

than in the NE_D region.

Processing unitcapacities

The results for processing unitapacitiegelate to both capacity levels in each

period of time as well as additional capacities, if,aay previously explainedrigure
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5-23 presents he capacities |l evels for each proce
refining scheme, for each Shiogse, in each time period.
Shiny 1 Shiny 1A
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:§. 200 T — B :§. 200 T
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Figure 5-23- Processing units level capadits- Shiny scenariog®

Again, at period tO the level capacities are the same as the Shadow and Cloudy

scenarios, since this is the base period. Thus, at tO, the utilization factdingf S

scenarios continue to be 8%Xor Shiny 1 and Shiny 1A, and 904/for Shiny 2 and

Shiny 2A.

Neverthless, when analyzing the lewélcapacities over time, Shiny scenarios

differ from the Shadow and Cloyd While the two lattergpresent an increase in

processing units capacitites throughout the time horizon, Shiny szerslrow an

overallincrease until period®t(Shiny 1 and Shiny 2), and until period t1 (Shiny 1A and

Shiny 2A), through greater utilization of the existing refining pessing units

capacities followed bya capaciy decreasethrough the redumn of theutilization of

existing capacitiesThus while in Shadowl and Cloudy lthe ADU capacity levels

increases, betweef and t5by approximately 29.5%nd21.5% respectively, in Shiny

1 ADU capacitydecrease by 38.7% Similarly, Shadow 1A and Cloudy 1Argsent,

% Results concerning the capacities of the hydrogeneration unit (CAPUGH) and cogeneration unit

(CAPCOG) are not represented in the graphs, given that they have units of measurement other than

Mtonnes/year. The resulting values for these procgssiits carbe found in Annex D
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respectively, ADU capacity leveldncreasespetween period t0 and t5, of 30.7% and
22.8% Concerning Shadow 2 and Cloudy 2, and Shadow 2A anddgl@A, the
increases are of 23.7%, 15.1%, 22.7% and 15.8%, while Shiny 2 and Shiny 2A present
decreass of 45.8% and 56.7%, respectively.

Since the reduction obil derivativesdemand between Shinyand Shadow
scenarig is very highas previously presentetthis study lefthe model free to invest in
all additional processing units capacities. é&gected, it does not perform investments
in additional ADU capacities, but in periods t1 and t2 it invests in other additional
processing units capacities, mainly DIHDT, VDU, ALK, and NAHDOhis result can
be related to the maintenancefoél oil produdion (with VDU), gasoline production
(with ALK), andthe quaity of products such as diesel (with DIHDT) and gasoline (with
NAHDT). For Shiny 1A and Shiny 2A, the model still presents investments in
additionalcapacities oHDTI units, at periods t1 and.tAs the last two cases have to
meet the IMO sulfur specification for fuel oil from,tit was expected that the#DT]
capacity levels would remain high in the first periodswever, as the fuel oil demand
declines over the time horizon, the need forhhigvels of HDTI units capacities, as
occurs in Shadow and Cloudy scenarios is reduced, what explains to#ycdperease
between periods t&nd t5.

When analyzing specifically Shiny 1 and Shiny 1A (Sedle 5-44 and Table
5-45), which are multiregionals, in both scenarios the region with the highest capacity
levels is the SP_S regn. After SP_S region, from t0 to t2, the second region with the
highest capacitites is the S_S region, followed by RIMG_S region. However, between
periods t3 and t5, the capacity levels in region S_S declines more than in the other
regions, resulting, gteriod t5, in a higher level capacity in RIMG_S region thanin S_S
region. Thisderives from theil derivatives imports/exports and the national trades, as

already explained in the crude oil consumption results section.
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Table 5-44 - Processing units level capactiesShiny 1

Processing unit capacity
level (Mtonnes/year)

to

t1

t2

t3

t4

t5

SS NE_S RIMG_S SP_S| S.S NE_S RIJMG_S SP_S| S.S NE_S RIMG_S SP_S| S'S NE_S RIMG_S SP_S|S_S NE_.S RIMG_S SP_S|S_S NE_S RIMG_S SP_S
ADU 21.25] 1827 19.96 |42.16|21.25] 18.27| 19.96 |42.16|21.25] 2427 20.34 [44.85|11.23[ 19.80] 18.92 [3278|7.78] 15.70] 11.40 [33.55|6.78] 10.72] 14.73 |30.09
VDU 500 | 329 | 468 |891|592| 386 | 518 |[10.34] 3.19| 433 | 528 |10.66| 2.91 | 422 | 491 | 850 |202| 407 | 296 |870|1.76| 2.78| 3.82 | 7.80
DSP - - - - - - - - - - - - - - - - - - - - - - - -
NAHDT - | o010| 038 [330|024|024| 041 |330|040|033| 038 |293|013| 025| 021 |097|009| 0.18| 013 | 0.38|008| 013 | 0.17 | 0.34
REF - - 016 | 219 | - - 016 | 236 - - 009 |211| - - - 053 | - - - - - - - -
KEHDT - - 051 |108|031|035| 051 |1.08|045| 051| 043 | 095|024|042| 040 | 069|023 047 | 034 | 101|020/ 032| 044 | 090
DIHDT 661 | 518 | 556 |11.54| 750 | 576 | 6.20 |14.44| 672 | 826 | 644 |13.88| 3.82| 6.74 | 6.44 |11.15|265| 534 | 360 |11.33|2.14| 339 | 466 | 951
FcC 405| 207 | 354 |9.00|405| 256 | 354 |900|370| 282 | 448 |722|199| 282 | 336 |582[1.38| 279 | 202 | 596|120 208 | 262 | 534
RFCC - | 065 - 097 | - | 0.99 - 0.97 | 2.32 | 1.96 - 097 | - | 092 - - - - - - - - - -
HDS 202 | 133| 177 |520|219| 1.93| 203 |538|316| 260| 250 | 462| 114|207 | 192 |333|079| 159 | 116 | 341|069| 1.18| 150 | 3.05
ALK - - - 031|019| 024 | 030 |052|032|036| 031 |067|017|030| 028 | 049|012 024 | 017 | 050|010/ 0.16 | 022 | 045
COK 050 | 014 | 044 |094|050| 014 | 044 | 094|005| - 055 |072| 025|019 | 041 |072|017| 034| 025 | 073|015/ 026 | 032 | 0.66
HDTI 264 | 285 | 257 |581|264| 285 | 257 |581|229| 1.87| 044 |363]|077| - - - - - - - - - - -

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDT Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDiesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCC Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKT Delayed Coking unit; HDTI Unstable hydrotreatment unit

Table 5-45 - Processing units level capactiesShiny 1A

. . . t0 t1 t2 t3 t4 t5

Processing unit capacity|

level (Mtonnes/year) | S S NE_S RIMG_S SP_S| S.S NE_S RIMG_S SP_S| S_.S NE_S RIMG_S SP_S| S S NE.S RIMG.S SP_S| S S NES RIMG_S SP_S[S S NE.S RIMG_S SP_S
ADU 21.25] 18.27| 19.96 |42.16|21.25] 18.28] 19.96 |42.16|22.45] 19.33] 22.04 |43.07|13.15] 15.04| 15.74 |27.06|13.14] 13.16] 11.12 | 26.67| 7.46] 6.83 | 12.47 |21.68
VDU 500|329 | 468 |891|566| 378 | 518 |1014|3.19| 3.18| 528 | 974|341| 311 | 408 | 605|341| 306 | 288 |692|194| 1.77| 323 | 562
DSP - - - - - - - - - - - - - - - - - - - - - - - -
NAHDT - | o010| 038 |330|024|023| 145 |312|044|024| 038 |078|015| 019| 018 |033|015| 016| 013 | 0.30|0.10| 0.08| 026 | 0.39
REF - - 016 | 219 - - 1.08 | 219 - - 0.09 - - - - - - - - - - - - -
KEHDT - - 051 | 1.08|040| 039 | 051 |108|064| 053| 061 |124|039| 045| 047 | 081|039| 039| 033 | 080|022 020]| 037 | 065
DIHDT 6.61| 518 | 556 |11.54| 7.33| 622 | 679 |14.46| 7.23| 6.07 | 692 |14.04| 448 | 512 | 535 | 921|447 | 448 | 378 |908|229| 209 | 394 | 6.78
Fcc 405|207 | 354 |900|387| 252| 354 |918| 452|207 | 448 |11.68| 233 | 207 | 279 | 407|233| 207 | 197 |473|152| 121 | 438 | 650
RFCC - | oes - 0.97 | 0.01| 0.96 - 0.97 | 2.32 | 1.44 - 097| - | 079 - 097| - | 035 - - - - - -
HDS 202|133 | 177 |520|217| 192| 203 |552|358| 191| 25 |680|133| 158| 160 | 281|133 136| 113 |271|085| 069 | 235 | 353
ALK - - - 0.31|027| 027| 030 |058|032|027| 031 |062|020|023| 024 |041|020| 020| 017 | 040|011 010 | 019 | 033
COK 050 | 014 | 044 |094|047| 014| 044 | 096|015 - 055 | 127|029|012| 034 |033|029| 019| 024 |058|019| 015| 054 | 080
HDTI 264 | 285 | 257 |58.|581| 455| 498 |926|338| 438 | 454 |677|334|374| 399 |677|333|331| 28 |677|200| 197 | 194 | 422

ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDieselhydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTi Unstable hydrotreatment unit
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Table 5-46 - Processing units additional capacties Shiny 1

Additional Capacity t1 t2 t3 t4 t5
(Mtonnes/year) S S NE_LS RIMG_S SP_S|Total [S .S NES RIMG_ S SP_S|Total [S S NES RIMG_S SP_S|Total [S S NELS RIMG_S SP_S|Total |[S S NE_S RIMG_S SP_S| Total
VDU 0.87| 0.60 0.53 151|351 | - - - - - - - - - - - - - - - - - - - -
NAHDT 0.26| 0.15 0.03 - 0.44 | 0.42| 0.25 - - 0.67 | - - - - - - - - - - - - - - -
REF - - - 0.18 | 0.18 | - - - - - - - - - - - - - - - - - - - -
KEHDT 0.32| 0.37 - - 0.69 | 0.47| 0.54 - - 1.01| - - - - - - - - - - - - - - -
DIHDT 0.94| 0.61 0.68 3.06 | 5.29 | 0.11| 3.25 0.93 246 | 6.75 | - - - - - - - - - - - - - - -
FCC - 0.52 - - 052 | - 0.79 - - 0.79 | - - - - - - - - - - - - - - -
RFCC - 0.36 - - 0.36 | - - - - - - - - - - - - - - - - - - - -
HDS 0.17| 0.64 0.27 018 | 1.26 | - - - - - - - - - - - - - - - - - - - -
ALK 0.21| 0.25 0.32 0.21 | 0.99 | 0.34| 0.38 0.32 0.38 | 142 | - - - - - - - - - - - - - - -

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDT Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatmeunnhit; DIHDT i Diesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydrotreatmemnnit; UGHT
Hydrogen generation unit
"Mmlyear

Table 5-47 - Processing units additional capacties Shiny 1A

Additional Capacity t1 2 t3 t4 t5
(Mtonnesiyear) S_S NE.S RIMG_S SP_S[Total |S S NES RIMGS SP_S|[Total [S.S NES RIMG_S SP_S[Total [SS NE.S RIMG_S SP_S[Total [S 'S NE.S RIMG_S SP_S| Total
ADU - - - - - - - - - - - - - - - - - - - - - - - -
VDU 0.60( 0.52 0.53 1.30 | 2.95 - - - - - - - - - - - - - - - - - - - -
DSP - - - - - - - - - - - - - - - - - - - - - - - - -
NAHDT 0.26| 0.15 1.12 - 1.53 [ 0.47| 0.16 - - 0.63 - - - - - - - - - - - - - - -
REF - - 0.96 - 0.96 - - - - - - - - - - - - - - - - - - - -
KEHDT 0.42| 041 - - 0.83 | 0.67| 0.56 - - 1.23 - - - - - - - - - - - - - - -
DIHDT 0.76| 1.10 1.30 3.07 | 6.23 [ 0.65| 0.94 1.44 2.63 | 5.66 - - - - - - - - - - - - - - -
FCcC - | 047 - - | oa7| - - - - - - - - - - - - - - - - - - - -
RFCC - | 033 - - | o033 - - - - - - - - - - - - - - - - - - - -
HDS 0.24| 063 | 027 |o024]| 138 - - - - - - - - - - - - - - - - - - - -
ALK 029 029 | 032 |o028|118|034] 028| 032 |o032]126] - - - - - - - - - - - - - - -
COK - - - - - - - - - - - - - - - - - - - - - - - - -
HDTI 3.34| 179 | 253 | 362]11.28/0.78] 1.61| 206 | 101|546/ - - - - - - - - - - |- - - - -

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REFCatalytic Reforming unit; KEHDT Kerosene hydrotreatmeunnit; DIHDT i Diesel hydrotreatment
unit; FCCi Fluid Catalytic Cracking unit; RFCCResid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit; HDTI Unstable hydrotreatmennit; UGHT
Hydrogen generation unit
Mm?®/year
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Table 5-48 - Processing units additional capacties Shiny 2

Additional Capacity (Mtonnes/year) | t1 | t2 | t3 |t4]| t5
ADU - - - - -
VDU 6.51| - - - -
DSP - -l - -

NAHDT 266|254 - | -| -
REF 1.49]077| - | - | -
KEHDT 150| 1.10| - | - -
DIHDT 786|657 - | - -
FCC 308|081 - | -| -
RFCC 2.14| - - - -
HCC - -l - -
HDS - -l - -
ALK 057|141| - | - | -
COK - - - - -
UGH! - -l -] -
HDTI - -l -

ADU i Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REF
Catalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHOTDiesel hydrotreatment unit; FCICFluid Cataytic Cracking unit; RFCC
I Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COKi Delayed Coking unit;

HDTI'i Unstable hydrotreatment unit; UGHHydrogen generation unit
Mm?lyear

Table 5-49 - Processing units additional capacties Shiny 2A

Additional Capacity (Mtonnes/year) | t1 2 [t3| t4 | t5
ADU - - - - -
VDU 5.55 - - - -
DSP - - - - -

NAHDT 3.8712.00| - - -
REF 2.53|0.20| - - -
KEHDT 1.80 | 1.40]| - - -
DIHDT 7.81|594| - - -
FCC 3.12| - - - -
RFCC 2.17 - - - -
HCC - - - - -
HDS - - - - -
ALK 0.82]1.28| - - -
COK - - - - -
UGH* - S B I
HDTI 11.52|4.61| - - -

ADU 1 Atmospheric distillation unit; VDU Vacuum distillation unit; DSP Deasphalting unit; NAHDTF Naphtha hydrotreatment unit; REF
Catalytic Reforming unit; KEHDT Kerosene hydrotreatment unit; DIHDTDiesel hydrotreatment unit; FCICFluid Catalyic Cracking unit; RFCC
I Resid Catalytic Cracking unit; HCCHydrocracking unit; HDS Hydrodesulfurization unit; ALK Alkylation unit ;COK1 Delayed Coking unit;

HDTI i Unstable hydrotreatment unit; UGHHydrogen generation unit
MmPlyear

Utilities consumptionand CQ emissions

Once again, utilities consumption and £&nissions concern, respectively, the
consumption of steam (low, medium and high pressure), fuel (natural gas, fuel oil, fuel

gas and coke), electricity and hydrogen by the processiitg, and the COemissions
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related to the burning of fuel and tged - if the model opt$o buy electricity instead of
producing it

As previously explained, the high pressure (HP) stdamand can be supplied
by cogeneration units or boilers. The HRus is, then, used to supply the medium
pressure (MP) steam demand.

Table5-50, Table5-51, Table5-52 and Table 5-53 detail the results of utilities

consumption and C{emissions for the Shiny scenarios.

Table 5-50 - Utilities consumption and CO, emissions- Shiny 1

Steam t0 tl t2 t3 t4 t5

Low-pressure (LP) steam consumption®(i) -1332.57 -1367.79 -1301.37 -998.75 -867.18 -802.25
Medium-pressure (MP) steam consumption®(J) | 30014.77 31927.08 34571.47 25766.91 21470.36 19615.00
High-pressure (HP) steam consumption®(#id) -1935.17 -1658.13 -2952.20 -1783.43 -1464.83 -1481.42

Natural Gas - Steam production t0 t1 t2 t3 t4 t5
Natural gas LP steam production (£04J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£01J) 3901.86 4597.90 8382.93 2806.99 10138.97 5500.86
Natural gas HP steam production (104J) 4620.69 4903.44 4918.68 7513.61 0.00 3717.72

Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00
Fuel oil (16 MJ) 147794.04 127278.72 122673.24 85410.72 68663.52 60708.60
Fuelgas (16 MJ) 7536.24 58196.52 48566.88 48148.20 36006.48 36843.84
Coke (16 MJ) 55265.76 57359.16 63639.36 40611.96 33075.72 30982.32
Electricity to t1 t2 t3 t4 t5
Electricity consumption (GWh) 3547.26 3787.15 3546.54 2369.05 1938.71 1753.21
Electricity production (GWh) 3547.26 3778.34 3458.29 2589.68 1938.71 1753.21
Electricity grid (GWh) 0.00 8.81 88.25 0.00 0.00 0.00
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5

Natural gas Electricity production (10MJ) 39533.88 42109.36 38542.39 28861.80 21606.84 19539.34

Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fan?) 3801.35 4150.28 3553.82 1964.48 1529.60 1336.11
Hydrogen consumption (£0n°) 3801.35 4150.28 3553.82 1964.48 1529.60 1336.11
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5

Natural gas Hydrogen production (fMJ) 60624.12 65872.07 64494.61 64245.38 84969.48 86107.47

Total to 1 t2 t3 t4 t5
Natural gas (10MJ) 104059.86 112579.33 111419.94 95914.17 116715.29 111147.67
Fuel oil (16 MJ) 147794.04 127278.72 122673.24 85410.72 68663.52 60708.60
Fuel gas (10MJ) 7536.24 58196.52 48566.88 48148.20 36006.48 36843.84
Coke (16 MJ) 55265.76 57359.16 63639.36 40611.96 33075.72 30982.32
Emissions t0 1 t2 t3 t4 t5
CO; emissions (Mtonnes/year) 24.70 23.91 23.74 15.84 12.79 11.53
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Table 5-51 - Utilities consumption and CO, emissions- Shiny 1A

Steam to t1 t2 t3 t4 t5
Low-pressure (LP) steam consumption®(i) -1332.57 -1364.09 -1624.82 -804.35 -793.22 -971.31
Mediumpressure (MP) steam consumption® (W) | 30014.77 32220.39 33657.08 21909.38 20034.70 16996.69
High-pressure (HP) steam consumption®(#id) -1935.17 -388.15 -3183.47 143.06 283.60 -1564.52
Natural Gas - Steam production to t1 t2 t3 t4 t5
Natural gas LP steam production (£041J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 3901.86 4482.04 7844.49 1330.23 5159.23 3122.05
Natural gas HP steam production (104J) 4620.69 4441.63 0.00 5879.93 1328.53 0.00
Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00
Fuel il (16 MJ) 147794.04 147794.04 118067.76 98389.80 89178.84 56521.80
Fuel gas (10MJ) 7536.24 57359.16 50241.60 48985.56 33494.40 33913.08
Coke (1(‘5 MJ) 55265.76 57359.16 74525.04 35587.80 31401.00 36843.84
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3547.26 4347.65 4101.68 2711.03 2520.35 2175.54
Electricity production (GWh) 3547.26  4128.10 4052.96 2711.03 2520.35 2175.54
Electricity grid (GWh) 0.00 219.55 48.72 0.00 0.00 0.00
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5
Natural gas Electricity production (10MJ) 39533.88 46007.28 45169.91 30214.37 28089.02 24246.24
Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fan®) 3801.35 5589.06 4832.71 3842.79 3480.37 2378.59
Hydrogen consumption (£@n°) 3801.35 5589.06 4832.71 3842.79 3480.37 2378.59
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5
Natural gas Hydrogen production (fMJ) 60624.12 86575.52 104171.40 109822.13 115163.53 116547.11]
Total to t1 t2 t3 t4 t5

Natural gas (10MJ)
Fuel oil (16 MJ)
Fuel gas (10MJ)

104059.86 137064.84 157185.80 141366.72 148411.78 143915.4Q
147794.04 147794.04 118067.76 98389.80 89178.84 56521.80
7536.24 57359.16 50241.60 48985.56 33494.40 33913.08
55265.76 57359.16 74525.04 35587.80 31401.00 36843.84

Coke (16 MJ)
Emissions t0 t1 t2 t3 t4 t5
CO; emissions (Mtonnes/year) 24.70 26.97 26.03 17.70 16.05 12.88
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Table 5-52 - Utilities consumption and CO, emissions- Shiny 2

Steam t0 t1 t2 t3 t4 t5
Low-pressure (LP) steam consumption®(iAJ) -1134.67  -1343.70  -1314.58 -923.45 -863.57 -674.95
Mediumpressure (MP) steam consumption® () | 30042.89 32438.21 34480.06 25404.27 20833.97 17810.33
High-pressure (HP) steam consumption®(#id) -1592.61  -2247.20 -3047.43 -1910.32 -1439.24 -1427.14
Natural Gas - Steam production t0 t1 t2 t3 t4 t5
Natural gas LP steam production (£04J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 5312.50 8826.67  13203.64 9281.79 4586.80 2101.74
Natural gas HP steam production (101J) 5403.68 0.00 0.00 2364.05 0.00 3509.18
Fuel to t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00
Fueloil (10° MJ) 133977.60 134396.28 120998.52 85410.72 67826.16 55684.44
Fuel gas (10MJ) 17584.56 47310.84 39355.92 40193.28 32657.04 33075.72
Coke (16 MJ) 50241.60 63639.36 64058.04 41030.64 32657.04 28051.56
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3292.92 3936.21 3530.77 231455 1942.18 1550.07
Electricity production (GWh) 3292.92 3862.72 3440.69 231455 2638.20 1977.29
Electricity grid (GWh) 0.00  73491763.54 90.08 0.00 0.00 0.00
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5
Natural gas Electricity production (10MJ) 36699.27 43049.64 38346.27 25795.57 29402.51 22036.62
Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fan®) 3621.10 429252 352520 197459 1591.51 1231.70
Hydrogen consumption (£@n° 3621.10 429252 352520 1974.59 159151 1231.70
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5
Natural gas Hydrogen production (faMJ) 57575.47 67195.89 64233.97 63982.51 84379.78 85828.31
Total t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 99587.24 119072.20 115783.88 99059.87 118369.08 109966.67
Fuel oil (16 MJ) 133977.60 134396.28 120998.52 85410.72 67826.16 55684.44
Fuel gas (10MJ) 17584.56 47310.84 39355.92 40193.28 32657.04 33075.72
Coke (16 MJ) 50241.60 63639.36 64058.04 41030.64 32657.04 28051.56
Emissions t0 t1 t2 t3 t4 t5
CO, emissions (Mtonnes/year) 22.78 25.31 23.63 15.80 12.90 10.65
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Table 5-53 - Utilities consumption and CO, emissions- Shiny 2A

Steam to t1 t2 t3 t4 t5
Low-pressure (LP) steam consumption®(i) -1134.67 -1283.94 -1517.23 -760.63 -713.90 -823.40
Mediumpressure (MP) steam consumption® () | 30042.89 32529.68 33319.88 22461.01 18621.98 15670.44
High-pressure (HP) steam consumption®(#id) -1592.61 -1110.37 -3727.98 -179.63 226.82  -1377.17
Natural Gas - Steam production to t1 t2 t3 t4 t5
Natural gas LP steam production (£04J) 0.00 0.00 0.00 0.00 0.00 0.00
Natural gas MP steam production (£04J) 5312.50 7493.49 6425.63 393249 4529.75 573.08
Natural gas HP steam production (104J) 5403.68  358.87 1222.12 3086.85 1337.18 1360.46
Fuel t0 t1 t2 t3 t4 t5
Natural gas (10MJ) 0.00 0.00 0.00 0.00 0.00 0.00
Fuel il (16 MJ) 133977.60 154074.24 118067.76 101739.24 84573.36 54428.40
Fuel gag10° MJ) 17584.56 47310.84 44798.76 42286.68 33075.72 33494.40
Coke (16 MJ) 50241.60 64058.04 78293.16 38937.24 29307.60 33913.08
Electricity t0 t1 t2 t3 t4 t5
Electricity consumption (GWh) 3292.92 4453.28 4077.48 2777.64 2360.00 1975.44
Electricity production (GWh) 3292.92 4212.84 3931.32 2777.64 2360.00 2153.63
Electricity grid (GWh) 0.00 240.46 146.17 0.00 0.00 0.00
Natural Gas - Electricity production t0 t1 t2 t3 t4 t5
Natural gas Electricity production (10MJ) 36699.27 46951.62 43814.22 30956.54 26302.05 24002.09
Hydrogen t0 t1 t2 t3 t4 t5
Hydrogen production (fan®) 3621.10 5739.30 4827.65 3971.65 3282.83 2287.70
Hydrogen consumption (£@n°) 3621.10 5739.30 4827.65 3971.65 3282.83 2287.70
Natural Gas - Hydrogen production t0 t1 t2 t3 t4 t5
Natural gas Hydrogen production (faMJ) 57575.47 91093.69 102684.89 109215.11 114227.40 115812.38
Total to t1 t2 t3 t4 t5

Natural gas (10MJ)

99587.24 145538.80 152924.74 144104.14 145059.21 140387.55

Fuel oil (16 MJ) 133977.60 154074.24 118067.76 101739.24 84573.36 54428.40
Fuel gas (10MJ) 17584.56 47310.84 44798.76 42286.68 33075.72 33494.40
Coke (16 MJ) 50241.60 64058.04 78293.16 38937.24 29307.60 33913.08
Emissions t0 t1 t2 t3 t4 t5
CO; emissions (Mtonnes/year) 22.78 28.33 26.43 18.53 15.11 12.12

The results shwe, in all scenariosa decreasen utility consumption, which

derives from the reductioaf the processing unitgapacitiesIn Shiny 1A and Shiny

2A, the decreases are smalldue to the higher presende thesecasespf HDTI units,

which demand large amounts of steam, electricity and hydrogen.

RegardingCO, emissionssince no environmental constraints have been applied
to the model, such as carbon taxes or, Caps,they follow the trend of processing
units capcities, that is, they show a growth from period tO to period t2, followed by a
reduction beteween period #d t5, reaching values of 11.53 Monnes/year and 12.88
Mtonnes/year in Shiny 1 and Shiny 1A sceosyiand of 10.65 Mtonnes/year and 12.11

163



Mtonnesyear in Shiny 2 and Shiny 2A scenarios. As Shiny 1A and Shiny 2A show
higher utilities consumption, their G@missions are also higher.

Finally, it is important to reinforce thahe option of taxing as well as limiting
CO, emissions is available in the ORION madalit these weraot the purposeof the
scenarios proposed by the present reseaRrhcisely because of the lack of
environmental constraints, and given that the model has the objective of minimizing
cost, the chapest fuels were chosen, although they are the most polluting in terms of
emissions, such as theavyfuel oil produced by the refining process itself, with no
associated purchase price, as well as the coke produced and consumed at the FCC and
RFCC unitsHence it is understood that in addition to the reductions already achieved
by the Shiny scenarios, it would be possible to further reducee@@ssions if they
were taxed, or if emissienimits were added to the ORION modelowever, asn the
oil secbr emissionc£omemainly from burning of fuelsa smaller market is what really

matters.

Costs

The costs results for Shiny scenarios are presentédule5-54 concerning the
the total costs, ie, the resultinglwas for the objective function, and kgure 5-24,

which gives the share, in each scenaoiothe cost elements considered

Table 5-54 - Total costs (Z)- Shiny scenarios

Scenario Total Cost (Z) - 10° US$
Shiny 1 642.41
Shiny 1A 648.32
Shiny 2 663.90
Shiny 2A 669.86
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Shiny 1

Shiny 2

B (il purchase costs
® Fuel purchase costs
B Electridty costs
B National trades costs
B [m ports costs
B O&M costs - OPEX
m Investment costs - CAPEX
B CAPEX Harbor
OPEX Cogeneration

B (il purchase costs

®m Fuel purchase costs
B Electridty costs

B Nafional trades costs
B Im ports costs

Shiny 1A

Shiny 2A

B Oil purchase costs
m Fuel purchase costs
B Elecridty costs
m National trades costs
B Imports costs
B 0&M costs- OPEX
® Investment costs - CAPEX
B CAPEX Harbor
OPEX Cogeneration

B (il purchase costs

m Fuel purchase costs
B Electricity costs
mNatonal trades costs

BO&M costs- OPEX
m Investment costs - CAPEX

B Imports costs
B O&M costs - OPEX
m Investment costs - CAPEX
B CAPEX Harbor
OPEX Cogeneration

B CAPEX Harbor
OPEX Cogeneration

Figure 5-24 - Costs elements sharesShiny scenarios

As expected, théotal costs are lower in Shirgcenarios than in Shadoand
Cloudy scenariosOn average, the costs of Shiagenarig are101 billion US$ less
than thecosts of Shadow scenarios, andBfion US$ less than the costs of Cloudy
scenario¥. Thee differences can be explained by the lower crude oil consumption,
lower processing units capacities, lower utilitiepgumptions, and lower investments
in additional processing units capacitids the total crude oil consurtipn is lower the
crude oil purchase costs are also less expensive. In addition, as capacity levels are
lower, OPEX costs are reducadd so are th&el purchase costdastly, as in Shiny
scenarios the amounts of additional capacities are lower, the CAPEX costs are
diminished.

When comparing Shingcenarios betweethemselves, as for éhShadow and
Cloudy scenarios, Shiny 2 and Shi2k scenarios are more expensivarttShinyl and
1A scenarios, respectivelin addition to having more imports and less exports, Shiny 2
and Shiny 2A have higher crude oil consumption levels between period tO aksl t3.

% Given the large reduction in total costs, it is possible to reflect that such values, plus the positive
externalities of electromobility would give a minimum monetary value to change the transport structure in

favor of lower consuntjon of petroleum products.
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the oil purchase costs account foore than 80% of total costs, it was expected that
Shiny2 and 2A scenarios would havéigher total cost than Shiny 1 ahA scenarios.

Still, Shiny 1A and Shiny2A are more expensive than Shiny 1 and Shiny 2,
respectively, which can be explained by theestments in HDTI additional capacities
in the first two scenarigss previously mentioned, which increases the total cost of the
system.

As for the Shadowand Cbudy scenarios, the largest share of the total cost

relates to the purchase of crude oil, followgdrport costs and OPEX costs.

5.3. Discussion of Results

This section presents a general discussion of the sesioiained in the present
study, which conssted of both the results of the OURSE model and the results of the
ORION model.

First, egardngtheOURSE model 6s mar gi nal val ues
high growth during the period of analysimainly for diesel and fuel oil, as a
consequence of th&ringentfuel oil specification(IMO regulation) and of theswitch
of use of some intermediate streams to produce diesel, as well as marine 3unkers
Concerning thalifferences between the Shadow, Cloudy and Shiny scemaaggnal
values sincethe oil derivatives demands groim Shadow and Cloudy scenaridbe
marginal values obtained also grow, and the prices to be considered in the ORION
model show a higher evolution than in the Shiny scenario Eksgever, even though
the Shiny scenario presentsealuction in demand for most oil derivatives, the marginal
valuesobtained do not show a reduction, but only a smaller evolution over the analyzed
time horizon which results in lower prices to be considered inQREON model.

With respect to ORION redts, they consist divelve different scenarios results,
sincethree differenbil derivatives demand scenarios were considered (Shadow, Cloudy
and Shiny), for each one, the model was under a muliregional(scenarios 1and a
singleregional framewok (scenarios 2) in order to analyze, in each case, whether
there is an advantage oot in having a regional modeland for each case previously
mentioned, two options of heavy fuel oil specifications were taken into account
(scenarios 1 and 2, and Bhd 2A)i n | i ght of the | MOG6s regul

37 Consequently, the fuel oil is obtained by using also some intermediate compounds, which are more

expensive.
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oxides (SOXx) missions from shipsThe ORION results were detailed in terms of crude
oil consumption, oil derivatives production, oil derivatives imports and exports, national
trades, processing iis capacities, utilities consumption and £#nissions ans costs.

Main findings show thatfor the mode) salibration periodthat is, periodO, the
singleregional scenarios (scenarios Bave higher levels of processing capacities
(CAPADU), and consegently hicher crude oil consumptio?fs higher oil derivative
productionsandlower oil derivatives importsThis may be influenced by their single
regional structurewhich requires the processing of more crude oil to meet the national
oil derivatives derand. Although presenting higher levels for almost all processing
units capacitiestheir GO, emissions are slightly lower than the mu#gionals cases
(scenarios 1)This can be explained by greater capacity levels of FCC, which consumes
high amounts otoke, and of HDSwhich has high hydrogen consumptiowhat, in
turn, increases the hydrogen production in the hydrogen generating units, and
consequently increases the total consumption of naturalrgaddition, singleregional
scenarios presented, on averaggal systerd €osts 3% higher than muiltegional
scenarios, which is mainly due to their highardeoil consumption beteen periods t0
and t4- as the crude oil purchase cbsive a sharefanore than 80% of thiotal cost.

Still for the calibration period, both structures (scenarios 1 and 2) demonstrated
imports of diesel, gasoline, petcoke and jet fuel oil. Specificallgi@sel, he imports
were of 4.97 Mtonnes/year iscenariosl, andof 5.52 Mtonnes/yeamn scenario2.

These results are in accordance with ANP (2018) diesel imports data for 2015, of 5.8
Mtonnes/year (or 6,940.1 thousand/year). However from t2 onwards it starts to be
exported(except in the Shiny scenaripgparyingfrom scenario to scenario the period in
which exports startAs previously explained, the diesel prices generhtethe OURSE
model, and implemented in the ORION model are very high for diesel at the end of the
analysis horizonIn addition the nationaltrades tha occur in the multregional
scenarios have n@hysical restrictionswithin the model, but only associated
transportation costd hat might have leaddtle model taneet the demand for diesel of
certain regions without the need for impoitsthis sense it is worth noting thpart of

the divergence between results and reality in @@d evenin tl, comes from

% Altough multiregional scenarios present a lower crude oil consumption, they have, at t0, a more
realistic refiningutilization factor (87.1%)i when comparing it to the real utilization factor of the
Brazilian refining industry in 2015 (86.8%)than the one obtained in in the singégional scenarios

(91%), which demonstrates a better conversiistillation adjustmat.
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simplifications of the model, for exampkhe detailing of only 3 types of crude qitke
lack of supply of UPQ liquids (LPG and gadime), and the classification of oil
derivatives considered fothe detailing of maximum imports and expofight,
medium, heay).

Relaing to scenarios considering ambt consideringthe heavy fuel oll
specification, the resultgoint out that thebigges difference between them is in the
level capacitie®f HDTI units (which is used to redutiee sulfur content of the fuel oil
pool) andin theinvestmentsn theiradditional capacitieddence, the scenarios that take
into account the IMO regulatidieature higher HDTI units capacities, as well as greater
investments in additional capacities.

Certain limits on the investments in additional processing units capacities had to
be added to the model before reaching the final result presented in thss Thnes
results show that thmost stringent scenarios in terms of oil products demé&sitsdow
and Cloudy scenariopresented between 0.3 and 0.4 million of barrels per day (Mb/d)
of greenfield refining capacity expansionshich in multiregional scen@s are
concentrated in SP3%and RIMG_S region©n the other hand, the scenario with the
largest decrease in demand for oil derivativiee Shiny,did not show greenfield
refining capacity expansions. Moreoveat, demonstrated that,ven without CQ
emissions constraintghe refining capacityis greatly reduced due to electromobility,
and oilproductionremains in lhe niches where it hdsss possibility okubstitution, as
naphtha etrochemical industry raw matediand fuel oil (marine bunkers)he Shiny
scenarioaverage reductionano t al s y s ofd0hbilion US$ selatve to the
Shadow scenario average

Concerning thamports and exports dd U R S E 6, svhicd @ere reported in
section5.1.2 and t he ORI ON deoctevds inports and axpottssit o f
is possible to observe that, for the base period, ORION imports and exports present a
higher level than the valsealculated from OURSEesults. As previously presented, i
2015, the total flows of Z2, in all scenariase of 27.48 Mtonnes/year, being 23.67
Mtonnes/year of imports and 3.81 Mtonnes/year of exports. Considering that Brazil
representg&round50% of the Z2 in the OURSE model, its total flows would be about
13.7 Mtonnes/year in this year, being 11.8 Mtoryes of imports and 1.9

¥As S«o Paulobés refining production attends the

expansion in SP_S could also invokxpansions itthis region.
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Mtonnes/year of exportéccording to ORION resulf§, in the base p&d imports are
approximately 23.8Vitonnes/year and exports areMtonnes/yearin all scenarios
However, by analyzing both results otbe time perials, the diferences are reduced
specially for the Shadow scenaridg periodt50 URSEOGs Z2 i mports pl us
approximately 78.7 Mtonnes/year in the Shadow scenagain, considering a rate of
50% forBrazil, the corresponding flowould beabout 39.3 Mtones/yearAccording
to ORION results, the Shadow scenarios present total intenadtitows of 31.9
Mtonnes/year, 31./Mtonnes/year,32.9 Mtonnes/year and 33.Bitonnes/year for
Shadow 1, Shadow 1A, Shadow 2 and Shadbd respectively These results
demorstrate, together withhe OURSE marginal castresults, that the nested
optimization mechanism betwed¢he two models was successful, thus confirnihmey
ability of the ORION nodel to integrate with globakfining modelsand Integreated
Assessment Mode[$AMs)**,

40 Although ORION results did not fit results of OURSE trades to Brazil imiZ®, they werecoherent
with Brazilian oil products trade data in ANP (2@).8Maybe it would be reasonable to review the
assumption of Brazilas 50%f t r ades i n OURSE®&s Z2 region.

“1 By contributing to better detail the oil refining segment.
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6. Conclusion

This thesis aimed at developirgetORION (Oil Refining Industry Optimization
and syNergies) model, which consists in a rmdgional linear programming
optimization model for the Brazilian oil refining industry, in an oggenrcemodeling
language, capable of analyzing the evolution of this industhe programming
language used in the construction of this model was the GANd8neral Algebraic
Modeling System associated with the CPLEX solver.

The reaons that led to the decisiaf developng this model consist othe
situation that the Brazilian refining industry is currently experiendimg uncertainties
that it has been facingwhich are associated to the evolution of energy demand and
supply over the past and in the futureahdesand, furthermore, lie in the fact that
ORION is an open source model, developed in academia, and therefore capable of being
used for research purposes both as an independent model and through nested
optimization mechasms with global refining mode and Integrated Assessment
Models (IAMs).

Brazil is a major oil prodeer, with newly discovered field§re-salt area),
which have great production potential, and a refining park undergoing a process of
transformation to be able to receive the-ga# oil (light-to-medium oil), as well as
investing in hydrotreating units in order to meet fuels stringent specifications.
Nevertheless, the Brazilian oil refining industry has been facing many uncertainties,
which concern the balance between biofuel andgbetim products for the automotive
sector, the development of the domestic crude oil supply and the process of market
opening, in which the prices of oil products are being defined according to the
international rarket (Import Parity Price IPP), with the objective of attracting
investors, and thus meeting the partnership policy currently being sought in the sector.
Thus, despite the large existing refining capacity, the country has been, in the last years,
importing oil products in ascendant order, redgcin t her ef ore, the refi|
factors and increasing its refining margin uncertainty. Furthermore, Petrobras,-a state
owned company that currently owns 99% (ninety nine percent) of the market share of
the refining and logistics sectors in Bilahas presented plans for repositionitig
national refining sector by dividing the refining park into four geographical blocks, as

well as by selling eight of its seventeen refineries.
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Given these challenges, which are short to 4tamg in nature and wolve the
discussion of how the oil refining industry is flexible, as well as the focus on the
Brazilian problem of refining regionalizaticand the refiners' strategies, it is recognized
that thedevelopnent of the ORION modgin addition to adekssing # of the above
issuesallows the dialogue with international consolidated models associated with both
the enire energy systemand thedetailedoil refining models(models focused only on
the petroleum process.

The ORION modelportrays the Brazilianibrefining system organized into four
geographical logistical blocks (South, Northeast, Rio de JaMiitas Gerais and S&o
Paulo), given the connections between markets, régmeand terminalsAlso, it
considers six international regions (United Stat€entral America, Western Europe,
Middle East, Africa and Asi®acific) with which the model allows exchanges
(imports/exports) of crude oil and petroleum products

The final products represented in the model are liquefied petroleum gases
(LPG), naphthagasoline, jet fuel oil, kerosene, diesel oil, heavy fileheating fuel oil
and coke. In additionthe model is designed to operate over the period -2049,
throudh five-year periods (tO to tS5A total of fourteen process units are calesed and
in addition to these, the hydrogen generation and cogeneration units. Investments in
new additional capacitieseaallowed from 2020 (period t1).

Ai ming to test the model 6s reliability,
in terms of oil products demds: the Shadow scenario, based on the evolvement of the
current oil refining industry and the energy and transport systems, without changes in
current policies; the Cloudy scenario, which takes into account the announced policies
and targets both for oilefining and for the energy and transportation systems as a
whole, envisaging the mobility in the transport system for the next few years; and the
Shiny scenario, being the most disruptive among the three scenarios, since it considers
an accelerated energransition to reach the goals associated to climate change, clean
energy and cleaair. For each one, the model was under a muliregional and a
singleregional framework, in order to analyze, in each case, whether there is an
advantage or not in hawy a regional model. In addition, for each case previously
mentioned, two options of heavy fuel oil specifications were taken into account, in light
of the | MOb6bs regulations to reduce sulfur o

Moreover, as the ORION outpuat a regional level, depends on the foreign

trade flows and these flows are related to the international market prices, a nested
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optimization approach was also carried out. Thus, a worldwide -regitbnal model
OURSE (Oil is Usedn Refineries to Suppl¥nergy)was run, for each previously
defined scenario, in order to provide marginal values associated to the oil products
demand constraints, whiere used in the Brazilian moded CIF prices for imports and
FOB pricesfor exports

As the marginal valuegiven by the OURSE modea high growth during the
period ofanalysis, the prices dfil derivatives considered by the ORION model show
also a great evolution, becoming extremely expensive at the end of the time period.
Therefore, the optimization of the RION model, in all scenariognaximizes the
production ofsome oil derivatives, as diesel, naphtha fued foil - but mainly diesel
meeting theidemand and exporting its surpluses. On the other hand, the model ends
up with low production and high imports levels other oil derivatives, as LPG,
gasoling jet fuel oil and petcokePerhaps if fuel oil and diesel marginal values were
lower*, for examplethe ORI ON model 6s resul t s higherul d

levels of gasoline, and lower levels of diesel (importing some amounts of the latter).

Heavy fuel oi |l specification in |ight

oxides (SOx) emissions froshipsaffected the results, specially related to the need of
additional capacitpf HDTI units (which is used to reduce the sulfur content of the fuel
oil pool). Hence, scenarios that take into account the IMO regulation feature higher
hydrotreating needna, therefore, larger investments.

Given the resu$ obtained in this thesig can be concluded that it was ahile
the base period (period of calibratioim) adequately reproduce the Brazilian refining
sector, with regard t@rocessing units capacitidevels, imports of oil derivatives,
trades between regions (in the muégional cases), utilitiesonsumption and CO,
emissions Regardingthe medium andlongterms, although a restriction regarding
investment in additional atrspheric distillation cagcities has been added to the model,
it is understood that it is within what is expected in terms of expansion of the Brazilian
refining park in the coming years.

In this sense, despite the limitations found in the ORION model, which consist
of the invesment analysis of new refining units which caused the addition of
investments constraintof the exchanges between regiodetailing - that are not

2 Maybe the addion of micro and mesoregional logistical constraints in the ORION model would also

lead to other results.
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physically restricted inthe model but only have associated cgostf the lack of
possibility of decommssioning process units with associated costspéige detailing
absence obther sources of oil derivatives, such as NGRUthe case of LPG, ch
would reduce its importsit is verified the importantcontribuion associated to its
developmentgspecially as it is toolthat canhelp expertsand decision makers, and
which can be conneetl toglobal models, as was done in the ggat study in the case
of OURSE, aiming to obtaimore accurate resujtand/or to give more detah the oil
refining segmento less detailed modelas the Integrated Assessment models (IAMs)

In fact, this was not the focus of this study, but the ORION model could be
coupled with global and national IA$/1in a synergic approach between modelling
strategies. I1AM typically lack a very good representation of the oil refineries and oil
derivatives, as shown before. On the other hand,dpMvide consistency of all sector
of the economy, either from a supply or demand perspective. As such, a coupled
platform between an I and ORION can become a powerful tool for policy makers
and the oil sector.

In this context, ppositions for future works consist ahalyzing the influence
of some variabl es i nampld) the ahprddedis@pscesrsecseu | t s,
many of themodel 6s results were i nef giverbycthed by
OURSE model; test neWCAPEX and OPEX of refining processing units, since the
costs considered in this thesis, which derived from the OURSE model datatmse,
slightly lower than costsofind in the literature for the specific case of Brazind, in
this case, an option would be to considéwaationfactor within the costs calculations;
analyze newdiscount rateto calculate the presentlua of costsjnsert a water module
to calculae the water consumption of the refining park and the impacts on water
availability®® with, for example, increasg processing units capacitiesid possibilities
for investments in energy efficiency technologies that redi@gemissions from the
sectof®; consider the decommissioning option of processing units (idea reinforced when
analyzing the Shiny scenario); consider limitations of national trades between the
regions of the model; take into accouwwverruncoss and constructiondelays issues
when inwesting in new processing unigevelopand simulatéetter detailed scenarios,
since,the constructio and simulation of scenarios wast the main objective of this

thesis, which actually consistad the development of the ORION modgberform

“3Based on the study developed by GUED# &L (2019).
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scenarioselated to climate policieshroughCO, maximum capsor using the equation

of CO, taxation aval abl e i n t h e anahzd refinaysintegrationuwatit u r e ;
advanced biomass loads, as well as the integration wittemergy products indust
(petrotemical, lubricants)detail the international regions consideredthe model,

thus being able to better understdine role of the Brazilian refing industry in a world

context; ad, finally, integrate the ORION model witimternational consolided

models associated witthe entie energy systensuch as I1AN.
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8. Annex AT ORION model definitions: sets, variables and

equations

A.l) Model sets

Sett 'periods of analysis'

t0 20152019
t1 20202024
t2 20252029
t3 20302034
t4 20352039
t5 20402044

Setdores

S_S South

NE_S Northeast
RJIJMG_S Rio_Minas
SP_S Séo paulo

Setdored

S_D South

NE_D Northeast
RJIJMG_D Rio_Minas
SP_D Sé&o paulo

Setoversea

USA United States of America
CA Central America

WE Western Europe

AF Africa

ME Middle East

AP Asia Pacific

Setj @ll variable$

*process units

ADU atmospheric distillation unit

VDU vacuum distillation unit

KEHDT kerosene hydrotreatment unit
NAHDT naphtha hydrotreatment unit
DIHDT diesel hydrotreatment unit
DSP desasphalting iin

REF catalytic reforming unit

ALK alkylation unit

FCC fluid catalytic cracking unit

RFCC resid fluid catalytic cracking unit
HCC hydrocracking unit

COK delayed coking unit

HDS gasoline hydrodessulfurization unit
HDTI unstable hydrotreatment unit
HGU hydrogen generation unit

COG cogeneration unit

*fuels

NG natural gas

NGUGH natural gasUGH
FG fuel gas

FO fuel oil
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FCOK coke
ELECGRID electricity from the GRID

*crudes

totcrude total quantity of crude processed
cruderef reference crude (Brent)

crudel quantity of crude 1 treated
crude2 quantity of crude 2 treated
crude3 quantity of crude 3 treated

crudeld quantity of crude 1 treated with diesel campaign
crude2d quantity of crude 2 treated with diesel campaign
crude3d quantity of crude 3 treated witiesel campaign

crudeln quantity of crude 1 treated with naphtha campaign
crude2n quantity of crude 2 treated with naphtha campaign
crude3n quantity of crude 3 treated with naphtha campaign

*Atmospheric distillation unit

1FGAS quantity of fuel gagroduced by the atmospheric distillation unit with crude 1
2FGAS quantity of fuel gas produced by the atmospheric distillation unit with crude 2
3FGAS quantity of fuel gas produced by the atmospheric distillation unit with crude 3
1LPG quantity of LPG prasted by the atmospheric distillation unit with crude 1
2LPG quantity of LPG produced by the atmospheric distillation unit with crude 2
3LPG quantity of LPG produced by the atmospheric distillation unit with crude 3
1LSRNA quantity of light straight runaghthaproduced by the adu unit with crude 1
2LSRNA quantity of light straight runaphthgroduced by the adu unit with crude 2
3LSRNA quantity of light straight runaphthgproduced by the adu unit with crude 3
1HSRNA quantity of heavy straight rarphthgproduced by the adu unit with crude 1
2HSRNA quantity of heavy straight ruraphthgoroduced by the adu unit with crude 2
3HSRNA quantity of heavy straight rumaphthgproduced by the adu unit with crude 3
1SRKE quantity of straight run kerosene produegthe adu unit with crude 1

2SRKE quantity of straight run kerosene produced by the adu unit with crude 2
3SRKE quantity of straight run kerosene produced by the adu unit with crude 3
1SRDI quantity of straight run diesel produced by the adu unit wittectu

2SRDI quantity of straight run diesel produced by the adu unit with crude 2

3SRDI quantity of straight run diesel produced by the adu unit with crude 3

1AGO quantity of atmospheric gasoil produced by the adu unit with crude 1

2AGO quantity of atmosphie gasoil produced by the adu unit with crude 2

3AGO quantity of atmospheric gasoil produced by the adu unit with crude 3

1ATR quantity of atmospheric residue produced by the adu unit with crude 1
2ATR quantity of atmospheric residue produced by the adtuwith crude 2

3ATR quantity of atmospheric residue produced by the adu unit with crude 3
1AGOFUELOIL quantity of atomspheric gasoil sent to fuel oil pool with crude 1
2AGOFUELOIL quantity of atomspheric gasoil sent to fuel oil pool with crude 2
3AGOFUELOIL quantity of atomspheric gasoil sent to fuel oil pool with crude 3

*Vacuum distillation unit

1ATRVDU quantity of atmospheric residue fed to the vacuum distillation unit with crude 1
2ATRVDU quantity of atmospheric residue fed to the vacuutilldigon unit with crude 2
3ATRVDU quantity of atmospheric residue fed to the vacuum distillation unit with crude 3
1LVGO quantity of light vacuum gasoil produced by the vacuum distillation unit with crude 1
2LVGO quantity of light vacuum gasoil producled the vacuum distillation unit with crude 2
3LVGO quantity of light vacuum gasoil produced by the vacuum distillation unit with crude 3
1HVGO quantity of heavy vacuum gasoil produced by the vacuum distillation unit with crude 1
2HVGO quantity of heavy vamim gasoil produced by the vacuum distillation unit with crude 2
3HVGO quantity of heavy vacuum gasoil produced by the vacuum distillation unit with crude 3
1VRES quantity of vacuum residue produced by the vacuum distillation unit with crude 1
2VRES quanty of vacuum residue produced by the vacuum distillation unit with crude 2
3VRES quantity of vacuum residue produced by the vacuum distillation unit with crude 3
1LVGOFCC quantity of light vacuum gasoil produced by the vacuum distillation unit and gbetRE€C unit with
crude 1
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2LVGOFCC quantity of light vacuum gasoil produced by the vacuum distillation unit and sent to the FCC unit with
gq_u\(/jééFCC quantity of light vacuum gasoil produced by the vacuum distillation unit and sent to the FCChunit wit
iﬁsggFCC quantity of heavy vacuum gasoil produced by the vacuum distillation unit and sent to the FCC unit with
;ﬁsgéFCC quantity of heavy vacuum gasoil produced by the vacuum distillation unit and sent to the FCC unit with
g:—l:\cjg(z)FCC quantity of heavy vacuum gasoil produced by the vacuum distillation unit and sent to the FCC unit with
(ﬁ_u\?ggHCC quantity of light vacuum gasoil produced by the vacuum distillation unit and sent to the HCC unit with
;:_u\(/jg(%HCC quantity ofight vacuum gasoil produced by the vacuum distillation unit and sent to the HCC unit with
g:_u\(/jggHCC quantity of light vacuum gasoil produced by the vacuum distillation unit and sent to the HCC unit with
iﬁsggHCC quantity of heavy vacuugasoil produced by the vacuum distillation unit and sent to the HCC unit
\gm/g(gﬁﬁit quantity of heavy vacuum gasoil produced by the vacuum distillation unit and sent to the HCC unit
\évm/érgﬁl%%: quantity of heavy vacuum gasoil produbgdthe vacuum distillation unit and sent to the HCC unit
iv\ljggsuggs quantity of vacuum residue produced by the vacuum distillation unit and sent to fuel oil pool with crude
;VRESFOP quantity of vacuum residue produced by the vacuum distillatio and sent to fuel oil pool with crude
§VRESFOP quantity of vacuum residue produced by the vacuum distillation unit and sent to fuel oil pool with crude

*Deasphalting unit

1VRESDSP quantity of vacuum residue produced by the vacuum distillatiband sent to desasphalting unit with
crude 1

2VRESDSP quantity of vacuum residue produced by the vacuum distillation unit and sent to desasphalting unit with
crude 2

3VRESDSP quantity of vacuum residue produced by the vacuum distillation unit and desasphalting unit with
crude 3

1DODSP quantity of desasphalted oil produced by the desasphalting unit with crude 1

2DODSP quantity of desasphalted oil produced by the desasphalting unit with crude 2

3DODSP quantity of desasphalted oil produced by tsasjghalting unit with crude 3

1REDSP quantity of desasphalted residue produced by the desasphalting unit with crude 1

2REDSP quantity of desasphalted residue produced by the desasphalting unit with crude 2

3REDSP quantity of desasphalted residue produgddddesasphalting unit with crude 3

*Kerosene Hydrotreating unit

1SRKEHDT quantity of straight run kerosene fed to the kerosene hidrotreating unit with crude 1

2SRKEHDT quantity of straight run kerosene fed to the kerosene hidrotreating unit wighi2crud

3SRKEHDT quantity of straight run kerosene fed to the kerosene hidrotreating unit with crude 3

1SRKEBY quantity of straight run kerosene that bypasses the kerosene hidrotreating unit with crude 1

2SRKEBY quantity of straight run kerosene that bypasdseg&erosene hidrotreating unit with crude 2

3SRKEBY quantity of straight run kerosene that bypasses the kerosene hidrotreating unit with crude 3

1KEHDT quantity of kerosene produced by the kerosene hydrotreating unit with crude 1

2KEHDT quantity ofkerosene produced by the kerosene hydrotreating unit with crude 2

3KEHDT quantity of kerosene produced by the kerosene hydrotreating unit with crude 3

1SUKEHDT quantity ofulfur produced by the kerosene hydrotreating unit with crude 1

2SUKEHDT quantity okulfur produced by the kerosene hydrotreating unit with crude 2

3SUKEHDT quantity okulfur produced by the kerosene hydrotreating unit with crude 3

1KEJFP quantity of kerosene produced by the kerosene hydrotreating unit sent to the jet fuel oil pooteith
2KEJFP quantity of kerosene produced by the kerosene hydrotreating unit sent to the jet fuel oil pool with crude 2
3KEJFP quantity of kerosene produced by the kerosene hydrotreating unit sent to the jet fuel oil pool with crude 3
1KEDIP quantity 6 kerosene produced by the kerosene hydrotreating unit sent to the diesel pool with crude 1
2KEDIP quantity of kerosene produced by the kerosene hydrotreating unit sent to the diesel pool with crude 2
3KEDIP quantity of kerosene produced by the kerosedeotngating unit sent to the diesel pool with crude 3
1KEKEP quantity of kerosene produced by the kerosene hydrotreating unit sent to the kerosene pool with crude 1
2KEKEP quantity of kerosene produced by the kerosene hydrotreating unit sent to theekpoadevith crude 2
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3KEKEP quantity of kerosene produced by the kerosene hydrotreating unit sent to the kerosene pool with crude 3
1KEBYJFP quantity of kerosene that bypasses the kerosene hydrotreating unit sent to the jet fuel oil pool with crude
1

2KEBYJFP quantity of kerosene that bypasses the kerosene hydrotreating unit sent to the jet fuel oil pool with crude
2

3KEBYJFP quantity of kerosene that bypasses the kerosene hydrotreating unit sent to the jet fuel oil pool with crude
3

1KEBYDIP quantity of kensene that bypasses the kerosene hydrotreating unit sent to the diesel pool with crude 1
2KEBYDIP quantity of kerosene that bypasses the kerosene hydrotreating unit sent to the diesel pool with crude 2
3KEBYDIP quantity of kerosene that bypasses the kambgdrotreating unit sent to the diesel pool with crude 3
1KEBYKEP quantity of kerosene that bypasses the kerosene hydrotreating unit sent to the kerosene pool with crude 1
2KEBYKEP quantity of kerosene that bypasses the kerosene hydrotreating urattseritérosene pool with crude 2
3KEBYKEP quantity of kerosene that bypasses the kerosene hydrotreating unit sent to the kerosene pool with crude 3

*Diesel hydrotreating unit

1SRDIHDT quantity of straight run diesel fed to the diesel hidrotreating uthitorude 1

2SRDIHDT quantity of straight run diesel fed to the diesel hidrotreating unit with crude 2

3SRDIHDT quantity of straight run diesel fed to the diesel hidrotreating unit with crude 3

1SRDIBY quantity of straight run diesel that bypassegitasel hidrotreating unit with crude 1

2SRDIBY quantity of straight run diesel that bypasses the diesel hidrotreating unit with crude 2

3SRDIBY quantity of straight run diesel that bypasses the diesel hidrotreating unit with crude 3

1DIHDT quantity of diesl produced by the diesel hydrotreating unit with crude 1

2DIHDT quantity of diesel produced by the diesel hydrotreating unit with crude 2

3DIHDT quantity of diesel produced by the diesel hydrotreating unit with crude 3

1SUDIHDT quantity ofsulfur produceddy the diesel hydrotreating unit with crude 1

2SUDIHDT quantity ofsulfur produced by the diesel hydrotreating unit with crude 2

3SUDIHDT quantity ofsulfur produced by the diesel hydrotreating unit with crude 3

1DIDIP quantity of diesel produced by thiesel hydrotreating unit sent to the diesel pool with crude 1

2DIDIP quantity of diesel produced by the diesel hydrotreating unit sent to the diesel pool with crude 2

3DIDIP quantity of diesel produced by the diesel hydrotreating unit sent to the diebelithocrude 3

1DIBYDIP quantity of diesel that bypasses the diesel hydrotreating unit sent to the diesel pool with crude 1
2DIBYDIP quantity of diesel that bypasses the diesel hydrotreating unit sent to the diesel pool with crude 2
3DIBYDIP quantity of desel that bypasses the diesel hydrotreating unit sent to the diesel pool with crude 3
1SRDIBYHTFO quantity of straigh run diesel that bypasses the diesel hydrotreating unit and is sent to the heating
fuel oil pool with crude 1

2SRDIBYHTFO quantity of stigh run diesel that bypasses the diesel hydrotreating unit and is sent to the heating
fuel oil pool with crude 2

3SRDIBYHTFO quantity of straigh run diesel that bypasses the diesel hydrotreating unit and is sent to the heating
fuel oil pool with crude 3

*Fluid Catalytic Cracking Unit

1AGOFCC quantity of atmospheric gasoil fed to the FCC unit with crude 1

2AGOFCC quantity of atmospheric gasoil fed to the FCC unit with crude 2

3AGOFCC quantity of atmospheric gasoil fed to the FCC unit with crude 3

1DODSPF quantity of desasphalted oil produced by the desasphalting unit and fed to the FCC unit with crude 1
2DODSPFCC quantity of desasphalted oil produced by the desasphalting unit and fed to the FCC unit with crude 2
3DODSPFCC quantity of desasphaltedpsidduced by the desasphalting unit and fed to the FCC unitwith crude 3
1INFCC input stream of the fcc unit with crude 1

2INFCC input stream of the fcc unit with crude 2

3INFCC input stream of the fcc unit with crude 3

1FGASFCC quantity of fuel gas produdaglthe FCC unit with crude 1

2FGASFCC quantity of fuel gas produced by the FCC unit with crude 2

3FGASFCC quantity of fuel gas produced by the FCC unit with crude 3

1LPGFCC quantity of butane produced by the FCC unit with crude 1

2LPGFCC quantity of butanproduced by the FCC unit with crude 2

3LPGFCC quantity of butane produced by the FCC unit with crude 3

1GASFCC quantity of gasoline produced by the FCC unit with crude 1

2GASFCC quantity of gasoline produced by the FCC unit with crude 2

3GASFCC quantityf gasoline produced by the FCC unit with crude 3

1LCOFCC quantity of light cycle oil produced by the FCC unit with crude 1

2LCOFCC quantity of light cycle oil produced by the FCC unit with crude 2

3LCOFCC quantity of light cycle oil produced by the FCQ with crude 3

1COKFCC quantity of coke produced by the FCC unit with crude 1

2COKFCC quantity of coke produced by the FCC unit with crude 2
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3COKFCC quantity of coke produced by the FCC unit with crude 3
1SLOFCC quantity of slurry oil produced by the FQ@t with crude 1
2SLOFCC quantity of slurry oil produced by the FCC unit with crude 2
3SLOFCC quantity of slurry oil produced by the FCC unit with crude 3

*Resid Catalytic Cracking Unit

1ATRRFCC quantity of atmospheric residue fed to the RFCC unitonittie 1
2ATRRFCC quantity of atmospheric residue fed to the RFCC unit with crude 2
3ATRRFCC quantity of atmospheric residue fed to the RFCC unit with crude 3
1INRFCC input stream of the RFCC unit with crude 1

2INRFCC input stream of the RFCC unit wittude 2

3INRFCC input stream of the RFCC unit with crude 3

1FGASRFCC quantity of fuel gas produced by the RFCC unit with crude 1
2FGASRFCC quantity of fuel gas produced by the RFCC unit with crude 2
3FGASRFCC quantity of fuel gas produced by the RFCCwittit crude 3
1LPGRFCC quantity of butane produced by the RFCC unit with crude 1
2LPGRFCC quantity of butane produced by the RFCC unit with crude 2
3LPGRFCC quantity of butane produced by the RFCC unit with crude 3
1GASRFCC quantity of gasoline producedthg RFCC unit with crude 1
2GASRFCC quantity of gasoline produced by the RFCC unit with crude 2
3GASRFCC quantity of gasoline produced by the RFCC unit with crude 3
1LCORFCC quantity of light cycle oil produced by the RFCC unit with crude 1
2LCORFCC quanty of light cycle oil produced by the RFCC unit with crude 2
3LCORFCC quantity of light cycle oil produced by the RFCC unit with crude 3
1COKRFCC quantity of coke produced by the RFCC unit with crude 1
2COKRFCC quantity of coke produced by the RFCC urtih wiude 2
3COKRFCC quantity of coke produced by the RFCC unit with crude 3
1SLORFCC quantity of slurry oil produced by the RFCC unit with crude 1
2SLORFCC quantity of slurry oil produced by the RFCC unit with crude 2
3SLORFCC quantity of slurry oil prodad by the RFCC unit with crude 3

*HCC unit

1INHCC input steam of the HCC unit with crude 1

2INHCC input steam of the HCC unit with crude 2

3INHCC input steam of the HCC unit with crude 3

1AGOHCC quantity of AGO sent to the HCC unit with crude 1
2AGOHCCquantity of AGO sent to the HCC unit with crude 2

3AGOHCC quantity of AGO sent to the HCC unit with crude 3
1DODSPHCC quantity of oil distillate from DSP unit sent to HCC unit with crude 1
2DODSPHCC quantity of oil distillate from DSP unit sent to HCC wiitih crude 2
3DODSPHCC quantity of oil distillate from DSP unit sent to HCC unit with crude 3
1FGASHCC quantity of fuel gas produced by the HCC unit with crude 1
2FGASHCC quantity of fuel gas produced by the HCC unit with crude 2
3FGASHCC quantity of fugas produced by the HCC unit with crude 3
1LPGHCC quantity of butane produced by the HCC unit with crude 1
2LPGHCC quantity of butane produced by the HCC unit with crude 2
3LPGHCC quantity of butane produced by the HCC unit with crude 3
1GASHCC quantity bgasoline produced by the HCC unit with crude 1
2GASHCC quantity of gasoline produced by the HCC unit with crude 2
3GASHCC quantity of gasoline produced by the HCC unit with crude 3
1KEHCC quantity of kerosene produced by the HCC unit with crude 1
2KEHCCquantity of kerosene produced by the HCC unit with crude 2
3KEHCC quantity of kerosene produced by the HCC unit with crude 3
1DIHCC quantity of diesel produced by the HCC unit with crude 1
2DIHCC quantity of diesel produced by the HCC unit with crude 2
3DIHCC quantity of diesel produced by the HCC unit with crude 3
1SLOHCC quantity of slurry oil produced by the HCC unit with crude 1
2SLOHCC quantity of slurry oil produced by the HCC unit with crude 2
3SLOHCC quantity of slurry oil produced by the HCC unittverude 3
1KEHCCKE quantity of kerosene produced by the HCC unit with crude 1
2KEHCCKE quantity of kerosene produced by the HCC unit with crude 2
3KEHCCKE quantity of kerosene produced by the HCC unit with crude 3
1KEHCCJFP quantity of kerosene produbgdhe HCC unit with crude 1
2KEHCCJFP quantity of kerosene produced by the HCC unit with crude 2
3KEHCCJFP quantity of kerosene produced by the HCC unit with crude 3
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*Naphtha Hydrotreating Unit

1LSRNAHDT quantity of LSRhaphthded to thenaphthahydrotreating unit with crude 1
2LSRNAHDT quantity of LSRhaphthded to thenaphthahydrotreating unit with crude 2
3LSRNAHDT quantity of LSRhaphthded to thenaphthahydrotreating unit with crude 3
1HSRNAHDT quantity of HSRaphthaed to thenaphtheéhydrotreating unit with crude 1
2HSRNAHDT quantity of HSRiaphthded to thenaphthahydrotreating unit with crude 2
3HSRNAHDT quantity of HSRiaphthded to thenaphthahydrotreating unit with crude 3
1INACOKHDT quantity of cokenaphthaed to thenaphtta hydrotreating unit with crude 1
2NACOKHDT quantity of cokenaphth&ed to thenaphthahydrotreating unit with crude 2
3NACOKHDT quantity of cokenaphth&ed to thenaphthahydrotreating unit with crude 3
1LSRNABYHDT quantity of LSRhaphthahat bypassethenaphthahidrotreating unit with crude 1
2LSRNABYHDT quantity of LSRhaphthahat bypasses theaphthahidrotreating unit with crude 2
3LSRNABYHDT quantity of LSRhaphthahat bypasses theaphthahidrotreating unit with crude 3
1HSRNABYHDT quantity # HSR naphthahat bypasses theaphthahidrotreating unit with crude 1
2HSRNABYHDT quantity of HSRhaphthahat bypasses theaphthahidrotreating unit with crude 2
3HSRNABYHDT quantity of HSRhaphthahat bypasses theaphthahidrotreating unit with cruel 3
1INACOKBYHDT quantity of cokenaphthathat bypasses theaphthahidrotreating unit with crude 1
2NACOKBYHDT quantity of cokenaphthahat bypasses thephthahidrotreating unit with crude 2
3NACOKBYHDT quantity of cokenaphthahat bypasses theaptthahidrotreating unit with crude 3
1LSRNAPRODHDT quantity of LSRaphthgproduced by the hydrotreating unit with crude 1
2LSRNAPRODHDT quantity of LSRaphthgroduced by the hydrotreating unit with crude 2
3LSRNAPRODHDT quantity of LSRaphthgroduced fg the hydrotreating unit with crude 3
1HSRNAPRODHDT quantity of HSRaphthgroduced by the hydrotreating unit with crude 1
2HSRNAPRODHDT quantity of HSRaphthgroduced by the hydrotreating unit with crude 2
3HSRNAPRODHDT quantity of HSRaphthgroduced by the hydrotreating unit with crude 3
INACOKPRODHDT quantity of cokemaphthgoroduced by the hydrotreating unit with crude 1
2NACOKPRODHDT quantity of cokaraphthgproduced by the hydrotreating unit with crude 2
3NACOKPRODHDT quantity of cokaraphthgproduced by the hydrotreating unit with crude 3
INAPET quantity ohaphthasent to the petrochemical industry with crude 1

2NAPET quantity ohaphthasent to the petrochemical industry with crude 2

3NAPET quantity ohaphthasent to the petrocheral industry with crude 3

1SULSRNAHDT quantity ofulfur produced by the hydrotreating unit of the LERphthacrude 1
2SULSRNAHDT quantity osulfur produced by the hydrotreating unit of the LERphthacrude 2
3SULSRNAHDT quantity osulfur produced by the hydrotreating unit of the LSRphthacrude 3
1SULHSRNAHDT quantity okulfur produced by the hydrotreating unit of the HSRphthacrude 1
2SULHSRNAHDT quantity obulfur produced by the hydrotreating unit of the HSRphthacrude 2
3SULHSRNAHDT quantity ofsulfur produced by the hydrotreating unit of the HSRphthacrude 3
1LSRNAPROD quantity of heavy straight raaphthgproduced with crude 1

2LSRNAPROD quantity of heavy straight rnaphthgproduced with crude 2

3LSRNAPROD quantity ofieavy straight runaphthgproduced with crude 3

*Catalytic Reforming Unit

1INREF catalytic refoming unit input feed with crude 1

2INREF catalytic refoming unit input feed with crude 2

3INREF catalytic refoming unit input feed with crude 3

1BYREF catalyic reforming unit bypass with crude 1

2BYREF catalytic reforming unit bypass with crude 2

3BYREF catalytic reforming unit bypass with crude 3

1HSRNAPROD quantity of heavy straight rnaphthgproduced and bypassed by the haphthaunit with crude 1
2HSRNAPROD quantity of heavy straight rumaphthgproduced and bypassed by the haphthaunit with crude 1
3HSRNAPROD quantity of heavy straight rnaphthgroduced and bypassed by the haphthaunit with crude 1
1HSRNAREF quantity of heavy straight raaphthded do the reforming unit with crude 1

2HSRNAREF quantity of heavy straight roaphthaed do the reforming unit with crude 2

3HSRNAREF quantity of heavy straight roaphthaed do the reforming unit with crude 3

1HSRNABYREF quantity of heavy stight runnaphthahat bypasses the reforming unit with crude 1
2HSRNABYREF quantity of heavy straight raaphthahat bypasses the reforming unit with crude 1
3HSRNABYREF quantity of heavy straight raaphthahat bypasses the reforming unit with crdde
1HSRNAPET quantity of heavy straight run naphtha sent to the petrochemical industry with crude 1
2HSRNAPET quantity of heavy straight run naphtha sent to the petrochemical industry with crude 2
3HSRNAPET quantity of heavy straight run naphtha sent tpetrechemical industry with crude 3
1HSRNAGAS quantity of heavy straight run naphtha sent to the gasoline pool with crude 1

2HSRNAGAS quantity of heavy straight run naphtha sent to the gasoline pool with crude 2

3HSRNAGAS quantity of heavy straight runpidha sent to the gasoline pool with crude 3
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1REFGAS quantity of gasoline produced by the reforming unit with crude 1
2REFGAS quantity of gasoline produced by the reforming unit with crude 2
3REFGAS quantity of gasoline produced by the reforming unit evitlde 3
1LPGREF quantity of LPG produced by the reforming unit with crude 1
2LPGREF quantity of LPG produced by the reforming unit with crude 1
3LPGREF quantity of LPG produced by the reforming unit with crude 1

*Gasoline Hydrodessulfurization unit

1GASHDS quantity of gasoline directed to the gasoline hydrodessulfurization unit with crude 1
2GASHDS quantity of gasoline directed to the gasoline hydrodessulfurization unit with crude 1
3GASHDS quantity of gasoline directed to the gasoline hydrodessulfarizatit with crude 1
1GASBYHDS quantity of gasoline that bypasses the gasoline hydrodessulfurization unit with crude 1
2GASBYHDS quantity of gasoline that bypasses the gasoline hydrodessulfurization unit with crude 2
3GASBYHDS quantity of gasoline thhypasses the gasoline hydrodessulfurization unit with crude 3
1GASHDSPROD quantity of gasoline produced by the hydrodessulfurization unit with crude 1
2GASHDSPROD quantity of gasoline produced by the hydrodessulfurization unit with crude 2
3GASHDSPROD qudity of gasoline produced by the hydrodessulfurization unit with crude 3
1SULHDSPROD quantity ofulfur produced by the hydrodessulfurization unit with crude 1
2SULHDSPROD quantity aulfur produced by the hydrodessulfurization unit with crude 2
3SULHDSPROD quantity ofsulfur produced by the hydrodessulfurization unit with crude 3

*Alkylation unit

1LPGALKADU quantity of Ipg produced by the adu fed to the alkylation unit with crude 1
2LPGALKADU quantity of Ipg produced by the adu fed to the alkylation with crude 2

3LPGALKADU quantity of Ipg produced by the adu fed to the alkylation unit with crude 3
1LPGBYALKADU quantity of Ipg produced by the adu that bypasses the alkylation unit with crude 1
2LPGBYALKADU quantity of Ipg produced by the adu that bgpes the alkylation unit with crude 2
3LPGBYALKADU quantity of Ipg produced by the adu that bypasses the alkylation unit with crude 3
1INSTALK quantity of input stream on the alkylation unit with crude 1

2INSTALK quantity of input stream on the alkylatianit with crude 2

3INSTALK quantity of input stream on the alkylation unit with crude 3

1GASALK quantity of gasoline produced by the alkylation unit with crude 1

2GASALK quantity of gasoline produced by the alkylation unit with crude 2

3GASALK quantity ofgasoline produced by the alkylation unit with crude 3

1LPGALK quantity of LPG produced by the alkylation unit with crude 1

2LPGALK quantity of LPG produced by the alkylation unit with crude 2

3LPGALK quantity of LPG produced by the alkylation unit withdeu3

*Delayed coking unit

1VRESCOK quantity of vacuum residue fed to the coking unit with crude 1

2VRESCOK quantity of vacuum residue fed to the coking unit with crude 2

3VRESCOK quantity of vacuum residue fed to the coking unit with crude 3

1FGASCOKquantity of fuel gas produced by the coking unit with crude 1

2FGASCOK quantity of fuel gas produced by the coking unit with crude 2

3FGASCOK quantity of fuel gas produced by the coking unit with crude 3

1LPGCOK quantity of LPG produced by the coking wwith crude 1

2LPGCOK quantity of LPG produced by the coking unit with crude 2

3LPGCOK quantity of LPG produced by the coking unit with crude 3

1NACOK quantity ofnaphthgproduced by the coking unit with crude 1

2NACOK quantity ofnaphthgproduced by the ¢ing unit with crude 2

3NACOK quantity ofnaphthgproduced by the coking unit with crude 3

1LGOCOK quantity of light gasoil produced by the coking unit with crude 1

2LGOCOK quantity of light gasoil produced by the coking unit with crude 2

3LGOCOK quantityof light gasoil produced by the coking unit with crude 3

1HGOCOK quantity of heavy gasoil produced by the coking unit with crude 1

2HGOCOK quantity of heavy gasoil produced by the coking unit with crude 2

3HGOCOK quantity of heavy gasoil produced by thkirg unit with crude 3

1LGOCOKFCC quantity of light gasoil produced by the coking unit and sent to the FCC with crude 1
2LGOCOKFCC quantity of light gasoil produced by the coking unit and sent to the FCC with crude 2
3LGOCOKFCC quantity of light gasoil pdoced by the coking unit and sent to the FCC with crude 3
1LGOCOKHCC quantity of light gasoil produced by the coking unit and sent to the HCC with crude 1
2LGOCOKHCC quantity of light gasoil produced by the coking unit and sent to the HCC with crude 2
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3LGOCOKHCC quantity of light gasoil produced by the coking unit and sent to the HCC with crude 3
1COKCOK quantity of coke produced by the coking unit with crude 1

2COKCOK quantity of coke produced by the coking unit with crude 2

3COKCOK quantity of coke proded by the coking unit with crude 3

1INACOKREF quantity ohaphthgroduced and sent to the reforming unit with crude 1

2NACOKREF quantity ohaphthgproduced and sent to the reforming unit with crude 2

3NACOKREF quantity ohaphthgproduced and sent to the reforming unit with crude 3

*HDT | unit

1HGOCOKHDTI quantity of heavy gasoil produced by the coking unit and sent to HDT | with crude 1
2HGOCOKHDTI quantity of heavy gasoil produced by the coking unit and sent to HDT | wité 2rud
3HGOCOKHDTI quantity of heavy gasoil produced by the coking unit and sent to HDT | with crude 3
1HGOCOKBYHDTI quantity of heavy gasoil produced by the coking unit that bypasses the HDT | with crude 1
2HGOCOKBYHDTI quantity of heavy gasoil produced b tcoking unit that bypasses the HDT | with crude 2
3HGOCOKBYHDTI quantity of heavy gasoil produced by the coking unit that bypasses the HDT | with crude 3
1LCOFCCHDTI quantity of light cycle oil produced by the FCC unit and sent to the HDT | with crude 1
2LCOFCCHDTI quantity of light cycle oil produced by the FCC unit and sent to the HDT | with crude 2
3LCOFCCHDTI quantity of light cycle oil produced by the FCC unit and sent to the HDT | with crude 3
1LCOFCCBYHDTI quantity of light cycle oil produced byetfrCC unit that bypasses the HDT | with crude 1
2LCOFCCBYHDTI quantity of light cycle oil produced by the FCC unit that bypasses the HDT | with crude 2
3LCOFCCBYHDTI quantity of light cycle oil produced by the FCC unit that bypasses the HDT | with crude 3
1LCORFCCHDTI quantity of light cycle oil produced by the RFCC unit and sent to the HDT | with crude 1
2LCORFCCHDTI quantity of light cycle oil produced by the RFCC unit and sent to the HDT | with crude 2
3LCORFCCHDTI quantity of light cycle oil produced the RFCC unit and sent to the HDT | with crude 3
1LCORFCCBYHDTI quantity of light cycle oil produced by the RFCC unit that bypasses the HDT | with crude 1
2LCORFCCBYHDTI quantity of light cycle oil produced by the RFCC unit that bypasses the HDT | wdih 2r
3LCORFCCBYHDTI quantity of light cycle oil produced by the RFCC unit that bypasses the HDT | with crude 3
1HDTIINFEED input feed of the HDT | with crude 1

2HDTIINFEED input feed of the HDT | with crude 2

3HDTIINFEED input feed of the HDT | with crud

1HDTIPROD product of the HDTI with crude 1

2HDTIPROD product of the HDTI with crude 2

3HDTIPROD product of the HDTI with crude 3

1SUHDTI quantity ofsulfur produced by the HDT | with crude 1

2SUHDTI quantity ofsulfur produced by the HDT | with crude 2

3SUHDTI quantity ofsulfur produced by the HDT | with crude 3

1DIHDTI quantity of diesel produced by the HDT | with crude 1

2DIHDTI quantity of diesel produced by the HDT | with crude 2

3DIHDTI quantity of diesel produced by the HDT | with crude 3

1DIBYHDTI quantity of diesel that bypassses HDT | with crude 1

2DIBYHDTI quantity of diesel that bypassses HDT | with crude 2

3DIBYHDTI quantity of diesel that bypassses HDT | with crude 3

1FUELOILHDTI quantity of heavy fuel oil sent to the HDT | with crude 1

2FUBLOILHDTI quantity of heavy fuel oil sent to the HDT | with crude 2

3FUELOILHDTI quantity of heavy fuel oil sent to the HDT | with crude 3

1FUELOILBYHDTI quantity of heavy fuel oil that bypasses the HDT | with crude 1

2FUELOILBYHDTI quantity of heavy fuelibthat bypasses the HDT | with crude 2

3FUELOILBYHDTI quantity of heavy fuel oil that bypasses the HDT | with crude 3

1HEATFOHDTI quantity of heating fuel oil sent to the HDT | with crude 1

2HEATFOHDTI quantity of heating fuel oil sent to the HDT | witlude 2

3HEATFOHDTI quantity of heating fuel oil sent to the HDT | with crude 3

1HEATFOBYHDTI quantity of heating fuel oil that bypasses the HDT | with crude 1

2HEATFOBYHDTI quantity of heating fuel oil that bypasses the HDT | with crude 2

3HEATFOBYHDTI quantity of heating fuel oil that bypasses the HDT | with crude 3

* Products

FGAS_1 quantity of fuel gas produced with crude 1

FGAS_2 quantity of fuel gas produced with crude 2

FGAS_3 quantity of fuel gas produced with crude 3

LPG_1 quantity of liquifiecpetroleum gas produced with crude 1
LPG_2 quantity of liquified petroleum gas produced with crude 2
LPG_3 quantity of liquified petroleum gas produced with crude 3
NAPHTHA_1 quantity olhaphthgproduced with crude 1
NAPHTHA_2 quantity ofhaphthgproduced vith crude 2
NAPHTHA_3 quantity ofhaphthgproduced with crude 3
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GASOLINE_1 quantity of gasoline produced with crude 1
GASOLINE_2 quantity of gasoline produced with crude 2
GASOLINE_3 quantity of gasoline produced with crude 3
KEROS_1 quantity of keroseneqaluced with crude 1

KEROS_2 quantity of kerosene produced with crude 2
KEROS_3 quantity of kerosene produced with crude 3
DIESEL_1 quantity of diesel produced with crude 1

DIESEL_2 quantity of diesel produced with crude 2

DIESEL_3 quantity of diesel prodad with crude 3
JETFUELOIL_1 quantity of jet fuel produced with crude 1
JETFUELOIL_2 quantity of jet fuel produced with crude 2
JETFUELOIL_3 quantity of jet fuel produced with crude 3
FUELOIL_1 quantity of fuel oil produced with crude 1
FUELOIL_2 quantityof fuel oil produced with crude 2

FUELOIL_3 quantity of fuel oil produced with crude 3
HEATFUELOIL_1 quantity of heating fuel oil produced with crude 1
HEATFUELOIL_2 quantity of heating fuel oil produced with crude 2
HEATFUELOIL_3 quantity of heating fualil produced with crude 3
COKE_1 quantity of coke produced with crude 1

COKE_2 quantity of coke produced with crude 2

COKE_3 quantity of coke produced with crude 3

SULFUR _1 quantity ofsulfur produced with crude 1

SULFUR_2 quantity ofsulfur produced with crude 2

SULFUR_3 quantity ofsulfur produced with crude 3

*Final products

FGAS total quantity of fuel gas produced

LPG total quantity of Ipg produced

NAPHTHA total quantity ofhaphthgproduced
GASOLINE total quantity of gasoline produced
KEROS total quantity of kerosene produced
DIESEL total quantity of diesel produced
JETFUELOIL total quantity of jet fuel oil produced
FUELOIL total quantity of fuel oil produced
HEATFUELOIL total quantity of heating fuel oil produced
COKE total quantity otoke produced
SULFURtotal quantity ofsulfur produced

*Final products in volume

GASOLINEVOL total quantity of gasoline produced in volume term
DIESELVOL total quantity of diesel produced in volume term

*Imports

imp_Ipg import of liquified petroleumas
imp_naphthamport ofnaphtha
imp_gasoline import of gasoline
imp_keros import of kerosene
imp_diesel import of diesel
imp_jetfueloil import of jetfueloil
imp_fueloil import of fuel oil
imp_heatfueloil import of heating fuel oil
imp_coke import of coke

*Exports

exp_lpg export of liquified petroleum gas
exp_naphthaexport ofnaphtha
exp_gasoline export of gasoline
exp_keros export of kerosene
exp_diesel export of diesel

exp_jetfueloil export of jetfueloil
exp_fueloil export of fuel oil
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exp_heatfueloiexport of heating fuel oll
exp_coke export of coke

*Fuel purchase

purch_ng purchase of natural gas to meet the demand for utilities within the process units
purch_elec purchase of electricity

purch_fo purchase of fuel oil

purch_fgas purchase of fuel gas

*Emissions
co2emissions CO2 total emissions
co2emission_ng CO2 emission due to the combustion of natural gas to meet refinery energy demand

co2emission_ago CO2 emission due to the combustion of atmospheric gasoil to meet refinery energy demand

*Units level capacities

CAPADU level capacity of atmospheric distillation unit
CAPVDU level capacity of vacuum distillation unit
CAPDSP level capacity of desasphalting unit
CAPNAHDT level capacity ohaphthahydrotreating unit
CAPREF level capacity of reforngrunit

CAPKEHDT level capcity of kerosene hydrotreating unit
CAPDIHDT level capacity of diesel hydrotreating unit
CAPFCC level capacity of the FCC unit

CAPRFCC level capacity of the RFCC unit

CAPHCC level capacity of the HCC unit

CAPHDS level capacity ohe HDS gasoline unit
CAPALK level capacity of alkylation unit

CAPCOK level capacity of the coking unit

CAPUGH level capacity of hydrogeneration unit
CAPHDTI level capacity of HDT |

CAPCOG maximum electricity generation capacity of cogeneration unit

*Addit ional capacities

ADDCAPADU additional atmospheric distillation unit capacity
ADDCAPVDU additional vacuum distillation unit capacity
ADDCAPDSP additional desasphalting unit capacity
ADDCAPNAHDT additionalnaphthahydrotreating unit capacity
ADDCAPREFadditional catalytic refoming unit capacity
ADDCAPKEHDT additional kerosene hydrotreating unit capacity
ADDCAPDIHDT additional diesel hydrotreating unit capacity
ADDCAPFCC additional fluid catalytic cracking unit capacity
ADDCAPRFCC additional resid cataiy cracking unit capacity
ADDCAPHCC additional catalytic hydrocracking unit capcity
ADDCAPHDS additional gasoline delfurisation unit capacity
ADDCAPALK additional alkylation unit capacity
ADDCAPCOK additional coking unit capacity

ADDCAPUGH additional hgrogeneration unit capacity
ADDCAPHDTI additional HDT | capacity

ADDCAPCOG additional cogeneration capacity

*Additional Harbors Capacities

ADDHARBORLIGHT additional harbor capacity for light products
ADDHARBORMED additional harbor capacity for mediurmogucts
ADDHARBORHEAVY additional harbor capacity for heavy products

*Products classification

LIGHTPROD light products
MEDIUMPROD medium products
HEAVYPROD heavy products
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seti @ll balances8

* Atmospheric distillation unit

1BALTOPFGAS balance of fuglas in the adu with crude 1
2BALTOPFGAS balance of fuel gas in the adu with crude 2
3BALTOPFGAS balance of fuel gas in the adu with crude 3
1BALTOPLPG balance of liquified petroleum gas in the adu with crude 1
2BALTOPLPG balance of liquified petroleum gashe adu with crude 2
3BALTOPLPG balance of liquified petroleum gas in the adu with crude 3
1BALTOPLSRNA balance light straight ruraphthan the adu with crude 1
2BALTOPLSRNA balance light straight ruraphthan the adu with crude 2
3BALTOPLSRNA balace light straight rumaphthan the adu with crude 3
1BALTOPHSRNA balance heavy straight maphthan the adu with crude 1
2BALTOPHSRNA balance heavy straight maphthan the adu with crude 2
3BALTOPHSRNA balance heavy straight maphthan the adi with crude 3
1BALTOPSRKE balance of straight run kerosene in the adu with crude 1
2BALTOPSRKE balance of straight run kerosene in the adu with crude 2
3BALTOPSRKE balance of straight run kerosene in the adu with crude 3
1BALTOPSRDI balance of straightmdiesel in the adu with crude 1
2BALTOPSRDI balance of straight run diesel in the adu with crude 2
3BALTOPSRDI balance of straight run diesel in the adu with crude 3
1BALTOPAGO balance of atmospheric gasoil in the adu with crude 1
2BALTOPAGO balance of atospheric gasoil in the adu with crude 2
3BALTOPAGO balance of atmospheric gasoil in the adu with crude 3
1BALTOPATR balance of atmospheric residue in the adu with crude 1
2BALTOPATR balance of atmospheric residue in the adu with crude 2
3BALTOPATR balancef atmospheric residue in the adu with crude 3
1BALATR balance of the atmospheric residue produced with crude 1
2BALATR balance of the atmospheric residue produced with crude 1
3BALATR balance of the atmospheric residue produced with crude 1
1BALAGO balarce of atmospheric gasoil with crude 1

2BALAGO balance of atmospheric gasoil with crude 2

3BALAGO balance of atmospheric gasoil with crude 3

*Vacuum distillation unit

1BALLVGO balance of Ivgo in the vacuum distillation unit with crude 1

2BALLVGO balanceof Ivgo in the vacuum distillation unit with crude 2

3BALLVGO balance of lvgo in the vacuum distillation unit with crude 3

1BALHVGO balance of hvgo in the vacuum distillation unit with crude 1

2BALHVGO balance of hvgo in the vacuum distillation unit withiae 2

3BALHVGO balance of hvgo in the vacuum distillation unit with crude 3

1BALVRES balance of vacuum residue in the vacuum distillation unit with crude 1

2BALVRES balance of vacuum residue in the vacuum distillation unit with crude 2

3BALVRES balance ofacuum residue in the vacuum distillation unit with crude

1BALLVGOPROD balance of the Ivgo produced by the vacuum distillation unit with crude 1
2BALLVGOPROD balance of the Ivgo produced by the vacuum distillation unit with crude 2
3BALLVGOPROD balance dathe Ivgo produced by the vacuum distillation unit with crude 3
1BALHVGOPROD balance of the hvgo produced by the vacuum distillation unit with crude 1
2BALHVGOPROD balance of the hvgo produced by the vacuum distillation unit with crude 2
3BALHVGOPROD balane of the hvgo produced by the vacuum distillation unit with crude 3
1BALVRESPROD balance of the vacuum residue produced by the vacuum distillation unit with crude 1
2BALVRESPROD balance of the vacuum residue produced by the vacuum distillation uraituei¢h2
3BALVRESPROD balance of the vacuum residue produced by the vacuum distillation unit with crude 3

*Deasphalting unit

1BALDODSP balance of the desasphalted gasoil in the de desasphalting unit with crude 1
2BALDODSP balance of the desasphalted dasdhe de desasphalting unit with crude 2
3BALDODSP balance of the desasphalted gasoil in the de desasphalting unit with crude 3
1BALREDSP balance of the desasphalted residue in the desasphalting unit with crude 1
2BALREDSP balance of the desasphaltesichae in the desasphalting unit with crude 2
3BALREDSP balance of the desasphalted residue in the desasphalting unit with crude 3
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1BALGODSPPROD balance of the gasoil produced by the de desasphalting unit with crude 1
2BALGODSPPROD balance of the gasoil guoed by the de desasphalting unit with crude 2
3BALGODSPPROD balance of the gasoil produced by the de desasphalting unit with crude 3
1BALREDSPPROD balance of the residue produced by the desasphalting unit with crude 1
2BALREDSPPROD balance of the residureduced by the desasphalting unit with crude 2
3BALREDSPPROD balance of the residue produced by the desasphalting unit with crude 3

*Naphtha hydrotreater

1BALLSRNA balance of LSRiaphthawith crude 1

2BALLSRNA balance of LSRaphthawith crude 2

3BALLSRNA balance of LSRaphthawith crude 3

1BALHSRNA balance of HSRaphthawith crude 1

2BALHSRNA balance of HSRaphthawith crude 2

3BALHSRNA balance of HSRaphthawith crude 3

1BALLSRNAHDT balance of LSRaphthan thenaphthahydrotreating unit with crude 1
2BALLSRNAHDT balance of LSRaphthan thenaphthahydrotreating unit with crude 2
3BALLSRNAHDT balance of LSRaphthan thenaphthahydrotreating unit with crude 3
1BALHSRNAHDT balance of HSRaphthan thenaphthahydrotreating unit with crude 1
2BALHSRNAHDT balance of HSRaphthan thenaphthahydrotreating unit with crude 2
3BALHSRNAHDT balance of HSRaphthan thenaphthahydrotreating unit with crude 3
1BALNACOKHDT balance of cokenaphthan thenaphthahydrotreating unit with crude 1
2BALNACOKHDT balance of cokenaphthan thenaphthahydrotreating unit with crude 2
3BALNACOKHDT balance of cokenaphthan thenaphthahydrotreating unit with crude 3
1BALSULSRNAHDT balance o$ulfur of LSR naphthan thenaphthahydrotreating unit with crude 1
2BALSULSRNAHDT balance o$ulfur of LSR naphthan thenaphthahydrotreating unit with crude 2
3BALSULSRNAHDT balance o$ulfur of LSR naphthan thenaphthahydrotreating unit with crude 3
1BALSULHSRNAHDT balance o$ufur of HSRnaphthan thenaphthahydrotreating unit with crude 1
2BALSULHSRNAHDT balance ofulfur of HSRnaphthan thenaphthahydrotreating unit with crude 2
3BALSULHSRNAHDT balance ofulfur of HSRnaphthan thenaphthahydrotreating unit with crud@
1BALSULNACOKHDT balance osulfur of cokernaphthan thenaphthahydrotreating unit with crude 1
2BALSULNACOKHDT balance ofulfur of cokernaphthan thenaphthahydrotreating unit with crude 2
3BALSULNACOKHDT balance oulfur of cokernaphthan thenaphthahydrotreating unit with crude 3
1BALNAPET quantity ofnaphthasent to the petrochemical industry with crude 1

2BALNAPET quantity ofnaphthasent to the petrochemical industry with crude 2

3BALNAPET quantity ofnaphthasent to the petrochendl industry with crude 3

1BALLSRNAPROD balance of the light straight rnaphthaafter the hdhaphthaunit with crude 1
2BALLSRNAPROD balance of the light straight rnaphthaafter the hdhaphthaunit with crude 2
3BALLSRNAPROD balance of the light aight runnaphthaafter the hdhaphthaunit with crude 3

*Kerosene Hydrotreater

1BALSRKE balance of straight run kerosene with crude 1

2BALSRKE balance of straight run kerosene with crude 2

3BALSRKE balance of straight run kerosene with crude 3

1BALKEHDT balance of kerosene in the kerosene hydrotreating unit with crude 1
2BALKEHDT balance of kerosene in the kerosene hydrotreating unit with crude 2
3BALKEHDT balance of kerosene in the kerosene hydrotreating unit with crude 3
1BALSULKEHDT balance bsulfurin the kerosene hydrotreating unit with crude 1
2BALSULKEHDT balance oulfurin the kerosene hydrotreating unit with crude 2
3BALSULKEHDT balance oulfurin the kerosene hydrotreating unit with crude 3
1BALKEHDTST balance of hydrotreated keeme stream with crude 1
2BALKEHDTST balance of hydrotreated kerosene stream with crude 2
3BALKEHDTST balance of hydrotreated kerosene stream with crude 3
1BALKEBYST balance of kerosene bypassed stream with crude 1
2BALKEBYST balance of kerosene bypasseaeéatn with crude 2

3BALKEBYST balance of kerosene bypassed stream with crude 3

*Diesel Hydrotreater

1BALSRDI balance of straight run diesel with crude 1

2BALSRDI balance of straight run diesel with crude 2

3BALSRDI balance of straight run diesel with ceugl

1BALDIHDT balance of diesel in the diesel hydrotreating unit with crude 1
2BALDIHDT balance of diesel in the diesel hydrotreating unit with crude 2
3BALDIHDT balance of diesel in the diesel hydrotreating unit with crude 3
1BALSULDIHDT balance ofulfurin the diesel hydrotreating unit with crude 1
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2BALSULDIHDT balance osulfurin the diesel hydrotreating unit with crude 2
3BALSULDIHDT balance osulfurin the diesel hydrotreating unit with crude 3
1BALDIHDTST balance of hydrotreated diesel stream witide 1
2BALDIHDTST balance of hydrotreated diesel stream with crude 2
3BALDIHDTST balance of hydrotreated diesel stream with crude 3
1BALDIBYST balance of diesel bypassed stream with crude 1
2BALDIBYST balance of diesel bypassed stream with crude 2
3BALDIBYST balance of diesel bypassed stream with crude 3

*Refoming Unit

1BALHSRNAPROD balance of the heavy straight naphthaafter the hdhaphthaunit with crude 1
2BALHSRNAPROD balance of the heavy straight naphthaafter the hdhaphthaunit with crude 2
3BALHSRNAPROD balance of the heavy straight naphthaafter the hdhaphthaunit with crude 3
1BALHSRNAREF balance of the heavy straight naphthanput stream of the reforming unit with crude 1
2BALHSRNAREF balance of the heavy straight naphthanput stream of the reforming unit with crude 2
3BALHSRNAREF balance of the heavy straight naphthanput stream of the reforming unit with crude 3
1BALGASREF balance of the gasoline on the reforming unit with crude 1

2BALGASREF balance of thgasoline on the reforming unit with crude 2

3BALGASREF balance of the gasoline on the reforming unit with crude 3

1BALLPGREF balance of the LPG on the reforming unit with crude 1

2BALLPGREF balance of the LPG on the reforming unit with crude 2

3BALLPGREF talance of the LPG on the reforming unit with crude 3

1BALHSRNAPETGAS balance of heavy straight run naphtha that goes to the petrochemical industry and gasoline
pool with crude 1

2BALHSRNAPETGAS balance of heavy straight run naphtha that goes to the petioahindustry and gasoline
pool with crude 2

3BALHSRNAPETGAS balance of heavy straight run naphtha that goes to the petrochemical industry and gasoline
pool with crude 3

1BALREFPROC balance of the catalytic reforming unit process with crude 1

2BALREFPROhalance of the catalytic reforming unit process with crude 2

3BALREFPROC balance of the catalytic reforming unit process with crude 3

*ECC Unit

1BALINFCC balance of the input stream of the FCC unit with crude 1
2BALINFCC balance of the input streamtb& FCC unit with crude 2
3BALINFCC balance of the input stream of the FCC unit with crude 3
1BALFGASFCC balance of fuel gas in the FCC unit with crude 1
2BALFGASFCC balance of fuel gas in the FCC unit with crude 2
3BALFGASFCC balance of fuel gas in the EQnit with crude 3
1BALLPGFCC balance of butane in the FCC unit with crude 1
2BALLPGFCC balance of butane in the FCC unit with crude 2
3BALLPGFCC balance of butane in the FCC unit with crude 3
1BALGASFCC balance of gasoline in the FCC unit with crude 1
2BALGASFCC balance of gasoline in the FCC unit with crude 2
3BALGASFCC balance of gasoline in the FCC unit with crude 3
1BALLCOFCC balance of light cycle oil on the FCC unit with crude 1
2BALLCOFCC balance of light cycle oil on the FCC unit with crude 2
3BALLCOFCC balance of light cycle oil on the FCC unit with crude 3
1BALCOKFCC balance of coke on the FCC unit with crude 1
2BALCOKFCC balance of coke on the FCC unit with crude 2
3BALCOKFCC balance of coke on the FCC unit with crude 3
1BALSLOFCC balance of stty oil on the FCC unit with crude 1
2BALSLOFCC balance of slurry oil on the FCC unit with crude 2
3BALSLOFCC balance of slurry oil on the FCC unit with crude 3

*RFCC Unit

1BALINRFCC balance of the input stream of the RFCC unit with crude 1
2BALINRFCC balance of the input stream of the RFCC unit with crude 2
3BALINRFCC balance of the input stream of the RFCC unit with crude 3
1BALFGASRFCC balance of fuel gas in the RFCC unit with crude 1
2BALFGASRFCC balance of fuel gas in the RFCC unit with crude 2
3BALFGASRFCC balance of fuel gas in the RFCC unit with crude 3
1BALLPGRFCC balance of butane in the RFCC unit with crude 1
2BALLPGRFCC balance of butane in the RFCC unit with crude 1
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3BALLPGRFCC balance of butane in the RFCC unit with crude 1
1BALGASRFCC lalance of gasoline in the RFCC unit with crude 1
2BALGASRFCC balance of gasoline in the RFCC unit with crude 2
3BALGASRFCC balance of gasoline in the RFCC unit with crude 3
1BALLCORFCC balance of light cycle oil on the RFCC unit with crude 1
2BALLCORFCC bgance of light cycle oil on the RFCC unit with crude 2
3BALLCORFCC balance of light cycle oil on the RFCC unit with crude 3
1BALCOKRFCC balance of coke on the RFCC unit with crude 1
2BALCOKRFCC balance of coke on the RFCC unit with crude 2
3BALCOKRFCC balace of coke on the RFCC unit with crude 3
1BALSLORFCC balance of slurry oil on the RFCC unit with crude 1
2BALSLORFCC balance of slurry oil on the RFCC unit with crude 2
3BALSLORFCC balance of slurry oil on the RFCC unit with crude 3

*HCC Unit

1BALINHCC balance of the input steam of the HCC unit with crude 1
2BALINHCC balance of the input steam of the HCC unit with crude 2
3BALINHCC balance of the input steam of the HCC unit with crude 3
1BALFGASHCC balance fuel gas in the HCC unit with crude 1
2BALFGASHCC balance fuel gas in the HCC unit with crude 2
3BALFGASHCC balance fuel gas in the HCC unit with crude 3
1BALLPGHCC balance of LPG in the HCC unit with crude 1

2BALLPGHCC balance of LPG in the HCC unit with crude 2

3BALLPGHCC balance of LPG in the HCC umiith crude 3

1BALGASHCC balance of gasoline in the HCC unit with crude 1
2BALGASHCC balance of gasoline in the HCC unit with crude 2
3BALGASHCC balance of gasoline in the HCC unit with crude 3
1BALKEHCC balance of kerosene in the HCC unit with crude 1
2BALKEHCC balance of kerosene in the HCC unit with crude 2
3BALKEHCC balance of kerosene in the HCC unit with crude 3

1BALDIHCC balance of diesel in the HCC unit with crude 1

2BALDIHCC balance of diesel in the HCC unit with crude 2

3BALDIHFCC balance of disel in the HCC unit with crude 3

1BALSLOHCC balance of slurry oil in the HCC unit with crude 1
2BALSLOHCC balance of slurry oil in the HCC unit with crude 2
3BALSLOHCC balance of slurry oil in the HCC unit with crude 3
1BALKEHCCPROD balance of keroseneoduced in the HCC unit with crude 1
2BALKEHCCPROD balance of kerosene produced in the HCC unit with crude 2
3BALKEHCCPROD balance of kerosene produced in the HCC unit with crude 3

*HDS Gasoline

1BALSTGASHDS balance of the streams directed to the hdsvthicrude 1
2BALSTGASHDS balance of the streams directed to the hds unit with crude 1
3BALSTGASHDS balance of the streams directed to the hds unit with crude 1
1BALGASHDS balance of the gasoline in the hds unit with crude 1
2BALGASHDS balance of the gdame in the hds unit with crude 2
3BALGASHDS balance of the gasoline in the hds unit with crude 3
1BALSULHDS balance o$ulfurin the hds unit with crude 1

2BALSULHDS balance o$ulfurin the hds unit with crude 2

3BALSULHDS balance o$ulfurin the hds uit with crude 3

*LPG Stream

1BALLPGST balance of the Ipg stream produced by the adu with crude 1

2BALLPGST balance of the Ipg stream produced by the adu with crude 2

3BALLPGST balance of the Ipg stream produced by the adu with crude 3
1BALCA4FCCST balancef the butane stream produced by the FCC unit with crude 1
2BALCA4FCCST balance of the butane stream produced by the FCC unit with crude 2
3BALCA4FCCST balance of the butane stream produced by the FCC unit with crude 3
1BALC4RFCCST balance of the butaneesin produced by the RFCC unit with crude 1
2BALC4RFCCST balance of the butane stream produced by the RFCC unit with crude 2
3BALC4RFCCST balance of the butane stream produced by the RFCC unit with crude 3
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*Alkylation unit

1BALSTALK balance of the inputream of the alkylation unit with crude 1
2BALSTALK balance of the input stream of the alkylation unit with crude 2
3BALSTALK balance of the input stream of the alkylation unit with crude 1
1BALGASALK balance of the gasoline in the alkylation unit withae 1
2BALGASALK balance of the gasoline in the alkylation unit with crude 2
3BALGASALK balance of the gasoline in the alkylation unit with crude 3
1BALLPGALK balance of the LPG in the alkylation unit with crude 1
2BALLPGALK balance of the LPG in the allation unit with crude 2
3BALLPGALK balance of the LPG in the alkylation unit with crude 3

*Coking unit

1BALFGASCOK balance of fuel gas produced by the coking unit with crude 1
2BALFGASCOK balance of fuel gas produced by the coking unit with crude 2
3BALFGASCOK balance of fuel gas produced by the coking unit with crude 3
1BALLPGCOK balance of LPG in the coking unit with crude 1

2BALLPGCOK balance of LPG in the coking unit with crude 2

3BALLPGCOK balance of LPG in the coking unit with crude 3

1BALNACOK balance ohaphthan the coking unit with crude 1

2BALNACOK balance ohaphthan the coking unit with crude 2

3BALNACOK balance ohaphthan the coking unit with crude 3

1BALLGOCOK balance of light gasoil in the coking unit with crude 1

2BALLGOCOK balance of light gasoil in the coking unit with crude 2

3BALLGOCOK balance of light gasoil in the coking unit with crude 3

1BALHGOCOK balance of heavy gasoil in the coking unit with crude 1

2BALHGOCOK balance of heavy gasoil in the coking unit with crude 2

3BALHGOCOK balance of heavy gasoil in the coking unit with crude 3

1BALCOKCOK balance of coke in the coking unit with crude 1

2BALCOKCOK balance of coke in the coking unit with crude 2

3BALCOKCOK balance of coke in the coking unit with crude 3

1BALSTLGOCOK bdance of the light gasoil produced by the coking unit with crude 1
2BALSTLGOCOK balance of the light gasoil produced by the coking unit with crude 2
3BALSTLGOCOK balance of the light gasoil produced by the coking unit with crude 3
1BALSTHGOCOK balance ohe heavy gasoil produced by the coking unit with crude 1
2BALSTHGOCOK balance of the heavy gasoil produced by the coking unit with crude 2
3BALSTHGOCOK balance of the heavy gasoil produced by the coking unit with crude 3
1BALSTNACOK balance of the naphtistream produced by the coking unit with crude 1
2BALSTNACOK balance of the naphtha stream produced by the coking unit with crude 2
3BALSTNACOK balance of the naphtha stream produced by the coking unit with crude 3

*HDT | unit

1BALINHDTI balance of thénput stream of the HDT | with crude 1
2BALINHDTI balance of the input stream of the HDT | with crude 2
3BALINHDTI balance of the input stream of the HDT | with crude 3
1BALHDTIPROD balance of the output stream of the HDT | with crude 1
2BALHDTIPROD balane of the output stream of the HDT | with crude 2
3BALHDTIPROD balance of the output stream of the HDT | with crude 3
1BALDIHDTI balance of the diesel produced by the HDT | with crude 1
2BALDIHDTI balance of the diesel produced by the HDT | with crude 2
3BALDIHDTI balance of the diesel produced by the HDT | with crude 3
1BALSULHDTI balance ofulfurin the HDT | unit with crude 1
2BALSULHDTI balance ofulfurin the HDT | unit with crude 2
3BALSULHDTI balance ofulfurin the HDT | unit with crude 3

1BALDIBY HDTI balance of the stream that bypasses the HDT | with crude 1
2BALDIBYHDTI balance of the stream that bypasses the HDT | with crude 2
3BALDIBYHDTI balance of the stream that bypasses the HDT | with crude 3

*Pool balances

1BALGASP balance of gasoline plowith crude 1

2BALGASP balance of gasoline pool with crude 2
3BALGASP balance of gasoline pool with crude 3
1BALKEP balance of kerosene pool with crude 1
2BALKEP balance of kerosene pool with crude 2
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3BALKEP balance of kerosene pool with crude 3
1BALDIP balance of diesel pool with crude 1
2BALDIP balance of diesel pool with crude 2
3BALDIP balance of diesel pool with crude 3
1BALJFP balance of jet fuel oil pool with crudel
2BALJFP balance of jet fuel oil pool with crude2
3BALJFP balance of jet fuel gilool with crude3

*Capacities balances

BALCAPADU capacity balance of the atmospheric distillation unit
BALCAPVDU capacity balance of the vacuum distillation unit
BALCAPDSP capacity balance of the desasphalting unit
BALCAPNAHDT capacity balance of theaphhahydrotreating unit
BALCAPREF capacity balance of the catalytic reforming unit
BALCAPKEHDT capacity balance of the kerosene hydrotreating unit
BALCAPDIHDT capacity balance of theaphthahydrotreating unit
BALCAPFCC capacity balance of the fluidtalytic cracking unit
BALCAPRFCC capacity balance of the resid catalytic cracking unit
BALCAPHCC capacity balance of the hydrocracking unit
BALCAPHDS capacity balance of the gasolinesig&irization unit
BALCAPALK capacity balance of the alkylation unit

BALCAPCOK capacity balance of the coking unit

BALCAPUGH capacity balance of the UGH

BALCAPHDTI capacity balance of the HDT |

*Demands

DEMLPG domestic demand of liquified petroleum gas
DEMNA domestic demand afaphtha

DEMGAS domestic demand of gasoline

DEMKE domestic demand of kerosene

DEMDI domestic demand of diesel

DEMJF domestic demand of jet fuel

DEMHTO domestic demand of heating fuel oil
DEMHFO domestic demand of fuel oil

DEMCOK domestic demand of coke

*Specifications

MAXSULKEROS Control ofSulfur Max Content in Kerosene Pool
MAXSULDIESEL Control ofSulfur Max Content in Diesel Pool
MAXSULGASOLINE Control osSulfur Max Content in Gasoline Pool
MAXSULJETFUELOIL Control ofSulfur Max Content in Jet Fuel Oil Pool
MAXSULFUELOIL Control of Sulfur Max Content in Fuel Qil Pool
OCTNUMGASOLINE Control of Gasoline Octane Number
CETNUMDIESEL Control of Diesel Cetane Number
DENSGASOLINE Control of gasoline density

DENSDIESEL Control of diesel density

BALSULHDTNA sulfurbalance in the HDTNA unit

BALSULHDTKE sulfur balance in the HDTKE unit

BALSULHDTDI sulfurbalance in the HDTI unit

BALSULHDSG sulfurbalance in the HDSG unit

*Crude balance/availability

MAXCRUDEZ1 maximum availability of crude 1
MAXCRUDEZ2 maximum availability of crude 2
MAXCRUDE3 maximum avdability of crude 3

BALCRUDE balance of crude oil consumption

BALFGASPROD balance of de fuel gas produced
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A.ll) Model variables

x(j,dores,t)

yG.t)

w(j,dores,dored,t)

()

m(j,oversea,dored,t)
e(j,dores,oversea,t)
totimports(j,dored,t)
totexports(j,dores,t)
totimpexp(jprodrange,t)
totproduction(dores,t)
totcrude(dores,t)
totcrudel(t)

totcrude2(t)

totcrude3(t)
naturalgashigh(dores,t)
naturalgasmed(dores,t)
naturalgaslow(dores,t)
highsteamprodcog(dores,t)
highsteamprodcogl(dores,t)
lowsteamcons(dores,t)
medsteamcons(dores,t)
highsteamcons(dores,t)
highsteamprod(dores,t)
highsteamexcess(dores,t)
medsteamprod(dores,t)
medsteamexcess(dores,t)
lowsteamprod(dores,t)
lowsteamconsdsp(dores,t)
lowsteamconsfcc(dores,t)
medsteamconsadu(dores,t)
medsteamconsfcc(dores,t)
medsteamconsalk(dores,t)
medsteamconscok(dores,t)
medsteamconshcc(dores,t)
highsteamconshdtk(dores,t)
highsteamconshdtd(dores,t)
highsteamconshdtn(dores,t)
highsteamconsfcc(dores,t)
highsteamconsrfcc(dorek,
highsteamconsref(dores,t)
highsteamconshdsg(dores,t)
highsteamconshdti(dores,t)
fuelcons(dores,t)
fuelconstotal(t)
fuelconstop(dores,t)
fuelconsvdu(dores,t)
fuelconsdsp(dores,t)
fuelconsnahdt(dores,t)
fuelconsref(dores,t)
fuelconskehdt(dores,t)
fuelconsdihdt(dores,t)
fuelconsfcc(dores,t)
fuelconsrfcc(dores,t)
fuelconshcc(dores,t)
fuelconshds(dores,t)
fuelconsalk(dores,t)
fuelconscok(dores,t)
fuelconsugh(dores,t)
fuelconshdti(dores,t)
eleccons(dores,t)
elecconstotal(t)
elecconstop(dores,t)
elecconsvdu(dores,t)
elecconsdsp(dores,t)
elecconsnahdt(dores,t)
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elecconsref(dores,t)
elecconskehdt(dores,t)
elecconsdihdt(dores,t)
elecconsfcc(dores,t)
elecconsrfcc(dores,t)
elecconshcc(dores,t)
elecconshds(dores,t)
elecconsalk(dores,t)
elecconscok(dores,
elecconsugh(dores,t)
elecconshdti(dores,t)
elecprod(dores,t)
elecgrid(dores,t)
naturalgascog(dores,t)
hydrogenprod(dores,t)
hydrogencons(dores,t)
hydrogenburn(dores,t)
hydrogenconsnahdt(dores,t)
hydrogenconsref(dores,t)
hydrogenconskehdt(dores,t)
hydrogenconsdihdt(dores,t)
hydrogenconshcc(dores,t)
hydrogenconshds(dores,t)
hydrogenconshdti(dores,t)
hydrogen_ng(dores,t)
hydrogennaphthédores,t)
fuel_fo(dores,t)
fuel_coke(dores,t)
totalng(dores,t)
totalfo(dores,t)
totalfg(dores,t)
fuel_fg(dores,t)
exc_fg(dores,t)
totalcoke(dores,t)
totalelec(dores,t)
CO2emissions(dores,t)
co2emissionscost(dores,t)
oilpurchasecost(t)
opexcost(dores,t)
opexfixcostunit(dores,t)
opexvarcostunit(dores,t)
capexcost(dores,t)
capexcogcost(dores,t)
opexcogcost(dores,t)
fuelpurchasecost(dores,t)
electricitycost(dores,t)
importscost(oversea,dored,t)
exportsincome(dores,oversea,t)
brazregcost(dores,dored,t)
totbrazregcost(dores,t)
totimportscost(dored,t)
totexportsincome(dores,t)
oilpurchasecostl(jcrude,t)
oilpurchasecostifrude,t)
oilpurchasecost3(jcrude,t)
addharborcost(dored,t)
elecprodl(dores,t)
hydrogen_ngl(dores,t)
emissionco2fo(dores,t)
emissionco2ng(dores,t)
emissionco2ngcog(dores,t)
emissionco2ugh(dores,t)
emissionco2fg(dores,t)
emissionco2coke(dores,t)
emissioncoglec(dores,t)

z
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A.llIl) Model equations

totalcost- define objective function

egoipurchasecostl(t)define the cost of purchasing cruoiel
eqoilpurchasecost2(t)}define the cost of purchasing crugié 2
eqoilpurchasecost3(t)define the cost giurchasing crudeil 3
eqoilpurchasecost(t)define the total cost of purchasiogudeoil

egopexcost(dores t)define thetotal O&M costof each unit in each region
egopexfixcost(dores,t)define the fixedD&M cost of each unit in each region
eqgopexvecost(dores,t) define the variabl©&M cost of each unit in each region

egcapexcost(dores;tfefine thenvestmentosts ofadditionalunits in each region
eqgcapexcogcost(dores;tjlefine thenvestment cost isogeneration units
egopexcogcost(dores;tilefine theO&M costsof cogeneration units

egfuelpurchasecost(dores,gefine the cost of fuel to meet the utilities demahthe refinery in each region
egelectricitycost(dores,t)define the cost of electricity

egimportscogbversea,dored,t)define the cost with imports from each region oversa for each re§memand
eqtotimportscost(doredt define the total cost with imports

egexportsincome(dores,overseadgfine the income with exports from each regidsupplyto each oversea region
eqtotexportsincome(dores)tdefine the total income with exports

egbrazregcost(dores,dored,tjlefine the cosdf product's exchange betweBrazilian regions
eqtotbrazregcost(dores;tjlefine the total cost of productsolang betweermBrazilian regions per region

eqgco2emissionscost(dores,tjefine the cost of co2 emissions
eqaddharborcost(dored;tjlefine the cost of harbors expansion

egrendadu(ibaladu,dores;ields at the atmospheric distillation unit in each region
egbalatr(ibalatr,dores,t)balance of the atospheric residuproduced in each region

egrendvdu (ibalvdu,dores;tyields at the vacuum distillation unit in each region
eglvgo(iballvgo,dores,t) balance of Ivgo produced/ttheVDU in each region
eghvg(ibalhvgo,dores,t balance of hvgo produced by tM®U in each region
eqvres(ibalvres,dores;tpalarce of vacuum residue produceglthe VDU in each region

egrenddsp(ibaldsp,dores;tyieldsof the dasphalting unit in each region
egbalgodsp(ibalgapprod,dores,t) balance of the desphalted gasoil produced in each region

egsnaphthgibalsmaphthadores,ty balance of light and heavy straight run néahit each region
egrendnahdt (ibalnahdt,dores,})ields at the napha hydroteating unit ieach region
eqnaphthaet(ibalnapet,dores,f)balance of napha sent to the petrochemical industry in each region

egstnaref(ibalstnaref,dores;halance of thélSR naphha input stream on the reforming unit in each region
egrendref(ibalref,dores,t)yields at the reforming unit in each region
eqirefproc(ibalrefproc,dores tinput stream of the reforming unit

egsrkeros(ibalsrkeros,dores,talance of straight run kerosene in each region
egrendkehdt(ibalkehdt,dores;tyields at the kerosene hydreating unit in each region

egsrdiesel(ibalsrdiesel,dores,talance of straight run diesel in each region
egrenddihdt(ibaldihdt,dores;tyields at the diesel hydrotreating unit in each region

egago(ibalagost,dores;tpalance of th&GO stream ineach region
eqginstfcc(ibalinstfcc,dores,t)balan@ of the input stream of tH&CCunit in each region
egrendfcc(ibalfcc,dores t)yields ofthe FCCunit in each region

eqginstrfcc(ibalinstrfcc,dores,t)balanceof the input stream of tHRFCCunit in each region
egrendrfcc(ibalrfcc,dores t)yieldsof the RFCCunit in each region

eginsthcc(ibalinsthcc,dores;thalane of the input stream of th#CC unit in each region

egrendhcc(ibalhcc,dores;tyields at tle HCC unit in each region
egstkehcc(ibakkhccprod,dores,t)balance bthe kepsene stream produced by tHEC unit in each region
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egsthds(ibalsthds,dores;halane of the input stream of tHéDS gasoline unit in each region
egrendhds(ibalhds,dores;tyields at theHDS gasoline unit in each region

egstlpg(ibalstlpg,dores t)balance of th& PG stream produced by thDU in each region
egstalk(ibalstalk,dores,tbalance of the input stream of the alkylation unit in each region
egrendalk(ibalalk,dores t)yields at he alkylation unit in each region

egrendcok(ibalcok,dores;tyields at the coking unit in each region

egstlgocok(ibalstigocok,dores;thalance of the light gasoil stream produced by the coking unit in each region
egsthgocok(ibalsthgocok,dores,talance of the heavy gasoil stream produced by the coking unit in each region
egstnacok(ibalstnacok,dores,talance of the naptm stream produced by the coking unit in each region

eginsthdti(ibalinsthdti,dores,t)balance offte input stream of thdDT i unit in each region
egrendhdti(ibalhdti,dores t)yields of theHDT i unit in each region
egstbyhdti(ibalstbyhdti,dores;tpalance of the HDTI bypass stream
egprodhdti(ibalhdtiprod,dores;thalance of the HDTI products

egcapmax(jcap,doresmaximum capacities of the processing units in each region for the base year
egcapmaxcog(jcapcog,doreshaxmum capacity of cogeneration unit in each region for the base year

eqgcapaddtl(jcap,doreshalance of possible additional capacities in t1
eqcapaddi(jcap,dores) balance of possible additional capacities in t2
eqcapaddt3(jcap,doreshalance of possible additional capacities in t3
eqcapaddt4(jcap,doreshalance of possible additional capacities in t4
eqcapaddt5(jcap,doreshalance of possibledditional capacities in t5

eqcapaddtcogl(jcapcog,doredjalance of possible additional cogeneration capacities in t1
egcapaddtcog2(jcapcog,doredalance of possible additional cogeneration capacities in t2
eqgcapaddtcog3(jcapcog,doredalance of pssible additional cogeneration capacities in t3

eqcapaddtcog4(jcapcog,doredalance of possible additional cogeneration capacities in t4
egcapaddtcog5(jcapcog,dorealance of possible additional cogeneration capacities in t5

egbalcap(ibalcap,dordk; balance 6capacities in each region
egbrazreg (jprod,dores,tpalance of trasportation of products betweBnazilian regions
egbrazregfo(dores,f)balance of trasportation of products betwe@mnazilian regions for fuel oil

egbrazregimgidem,dored,t} balance of demand and imported products
eqtotimports(jimport,dored,t)total imports equation
eqtotexports(jexport,dores;tjotal exports equation

eqtotimpexplight(t) total importsandexports light products
egtotimpexpmed(t) totalimportsandexports medium products
egtotimpexpheavy(t) total importsandexports heavy products
egboundimpexplighttd bound importsandexports light products in t0
egboundimpexpmedtObound importsandexports medium products in tO
egboundimpexpheavytound importsandexports heavy products in t0
egboundimpexplightt1 bound importsandexports light products in t1
egboundimpexpmedtlbound importsandexports medium products in t1
egboundimpexpheavytlbound importsandexpors heavy products in t1
egboundimpexplightt2 bound importandexports light products in t2
egboundimpexpmedt2bound importsandexports medium products in t2
egboundimpexpheavytZound importandexports heavy products in t2
egboundimpexplightt3 bound importsandexports light products in t3
egboundimpexpmedt3bound importsandexports medium products in t3
egboundimpexpheavytdound importsandexports heavy products in t3
egboundimpexplightt4 bound importsandexports light products in t4
egboundimpexpmedt4bound importsandexports medium products in t4
egboundimpexpheavytdbound importsandexports heavy products in t4
egboundimpexplightt5 bound importsandexports light products in t5
egboundimpexpmedtbbound importsandexportsmedium products in t5
egboundimpexpheavytthound importsandexports heavy products in t5

egboundaddharbor(jaddharbef)ound additional harbor capacity in t0
egboundaddharbort(jaddharbor,jound additional harbor capacity in t

egmaxsulkeros (imaxtkeros,dores,t) maximum sulfur content in kerosene pool
egmaxsuldiesel (imaxsuldiesel,dorest)axmum sulfur content in diesel pool
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egmaxsuljetfuel (imaxsuljetfuel,dores;thaximum sulfur content in jet fuel pool
egmaxsulgasoline (imaxsulgasolingres,t)- maxmum sulfur content in gasoline pool
egmaxsulfueloil(imaxsulfueloil,dores;tmaxmum sulfur content in fuel oil pool

egoctnumgasoline (iocthumber,dores,tjctane numben gasolinepool
egcetnumdiesel (icetnumber,doresgptane numbetiesel

egprod (jprod,dores,t)pool of refinery final prodats
egpool (intprod,dores,t)pool of intermediate products

egkehdtst (ibalkehdtst,dores;thalance oHDT K unit output streams
egkebyhdtst (ibalkebyst,dores,fhalance oHDT K unit bypassed streams

eqdihdtst (ibaldihdtst,dores;tpalance oHDT D unit output streams
eqdibyhdtst (ibaldibyst,dores;tpalance oHDT D unit bypasses streams

balcogcapacity(dores,tbalance of cogeneration unit capacity
balelecprod(dores,t)balance of electricity production in the cogeneration unit
baltransformelecprod(dores;tglectricity equation trarsformation units
balnaturalgascog(doress;thalance of natural gas consumption by the cogeneration unit
balcogsteam(dores;tpalance 6steam production in the cogeaton unit
balsteamcogunits(dores;tiunits transformation

balelectricity(dores,t) electricity balance

balsteamhighprod(dores;tylefine the balance of high steam production
balnaturalgashighsteam(dores,tlefine thebalance of natural gas used to produce high steam
balsteammedprod(dores;@iefine the balance of medium steam production
balnaturalgasmedsteam(doresdkfine the balance of natural gas used to produce medium steam
balsteamlowprod(dores;tdefine the balance of low steam production
balnaturalgaslowsteam(dores,tjefine the balance of natural gas used to produce low steam
ballowsteamcons(dores;tlefine the balance of the low steam consumption of each region
balmedsteamcons(dores,gefine the hlance of the medium steam consumption of each region
balhighsteamcons(dores;tjlefinethe balance of higeteam consumption of each region
ballowsteamdsp(dores;tfefine the balance dbw steam consumption in the deasphglunit
ballowsteamfcc(dores,f)define the balance of low steam consumption in the FCC unit
balmedsteamadu(dores;jefine the balance of medium steam consumption in the atmospheric distillation unit
balmedsteamfcc(dores;tilefine the balance of medium steaamsumption in the FCC unit
balmedsteamalk(dores;tjlefine the balance of medium steam consumption in the alkylation unit
balmedsteamcok(dores;tjiefine the balance of medium steam consumption in the coking unit
balmedsteamhcc(dores;tlefine the bance of medium steam consumption in the HCC unit
balhighsteamhdtk(dores;tjlefine the balance of high steam consumption in the HDT K unit
balhighsteamhdtd(dores;tilefine the balance of high steam consumption in the HDT D unit
balhighsteamhdtn(dorek;tdefine the balance of high steam consumption in the HDT N unit
balhighsteamfcc(dores;tdefine the balance of high steam consumption in the FCC unit
balhighsteamrfcc(dores;tdefine the balance of high steam consumption in the RFCC unit
balhighstemref(dores,t} define the balance of highestm consumption in the Refomgj unit
balhighsteamhdsg(dores;tjiefine the balance of high steam consumption in the HDS G unit
balhighsteamhdti(dores;t)define the balance of high steam consumption irHb& | unit

balelec(dores,t) define the balance of electricity on each region

balelectop(dores,t) define the balance of electricity on topping unit
balelecvdu(dores,t) define the balance of electricity on the vacuum distillation unit
balelecdsp(das,t)- define the blance of electricity on the dsphalting unit
balelecnahdt(dores t)}define the balance of electricity on the ndgahltydrotreating unit
balelecref(dores,t) define the balance of electricity on the reforming unit
baleleckehdt(dores - define the balance of electricity on the kerosene hydrotreating unit
balelecdihdt(dores,t)define the balance of electricity on the diesel hydrotreating unit
balelecfcc(dores,t) define the balance of eleidity on FCCunit
balelecrfcc(dores,t) define tte balance of electricity cRFCCunit
balelechcc(dores,t)define he balance of electricity dHCC unit
balelechds(dores,t)define he balance of electricity dADS gasoline unit
balelecalk(dores,t)define the balance of electricity on alkylation unit
baleleccok(dores,t)define the balance of electricity on coking unit
balelechdti(dores,t define he balance of electricity ddDT | unit

balfuelreg(dores,t) define the total balance of fuebnsumptiorof each region
balfueltotal(t)- define the totaBrazilian balance of fuetonsumption
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balfuel(dores,t} define the balance of fuebnsumption

balfueltotalfcc(dores,t) define thetotal balance of fuedonsumptioron theFCCunit
balfueltgp(dores,t} define the balance of fuebnsumptioron theADU

balfuelvdu(dores,t) define the balance of fuebnsumptioronthevVDU
balfueldsp(dores,t) define the balance of fuebnsumptioron the dasphalting unit
balfuelnahdt(dores,t)define the hlance of fuetonsumption othe naphthahydrotreating unit
balfuelref(dores,t) define the balance of fuebnsumptioron the reforming unit
balfuelkehdt(dores,t)define the balance of fuebnsumptioron the kerosene hydrotreating unit
balfueldihdt(ares,t)- define the balance of fuel on the diesel hydrotreating unit
balfuelfcc(dores,t) define the balance of fuebnsumptioron FC unit

balfuelrfcc(dores,t) define the balance of fuebnsumptioron RFCCunit

balfuelhcc(dores,t) define the balance of fuebnsumptioron HCC unit
balfuelhds(dores,t) define the balance of fuebnsumptioron HDS gasoline unit
balfuelalk(dores,t} define the balance of fuebnsumptioron alkylation unit
balfuelcok(dores,t) define the balancef éuel consumptioron coking unit
balfuelugh(dores,t) define the balance of fuebnsumptioron UGH

balfuelhdti(dores,t)- define the balance of fuebnsumptioron HDT |

balngtotal(dores,t) define the total balance of gas natural consumed
balfototd(dores,t)- define the total balance of fuel oil consumed

boundfo(dores,t) fuel oil consumption bound
balfgastotal(dores,t)define the total balance of fuel gas consumed
balexcfuelgas(dores t)balance of excess fuel gas
balcoketotal(dores,t)total balance of coke

balhydrogenugh(dorestyefine the balance of fuel to miethe demand of hydrogen in the UGH
balfuelconshydrogenugh(dores,gefine the balance of fuel consumption in the UGH
balhydrogencons(dores)tdefine the total balanad hydrogen

boundhydrogenprod(dores;thydrogen production bound
equnithydrogen(dores,t)define the conversion of units

balhydrogenconsnahdt(dores,tjefine the balance of hydrogen oretaphha hydrotreating unit
*balhydrogenconsref(dores;tfeine the balance of hydrogen oretleforming unit
balhydrogenconskehdt(dores,tjefine the balance of hydrogen oretterosene hydrotreating unit
balhydrogenconsdihdt(dores;tjlefine the balance of hydrogen oretliesel hydrotreating unit
balhydrogenonshds(dores,t)define the balance of hydrogen on the gasoline hydtdfigization unit
balhydrogenconshcc(dores;tlefine the balance of hydrogen on the HCC unit
balhydrogenconshdti(dores;t)iefine the balance of hydrogen on the HDT | unit

balCO2fo(dores,t) define the co2emissions of fuel oil consumption

balCO2ng(dores,f) define the co2emissions of natural gas consumjiticoilers
balCO2ngcog(dores,t)define theco2emissionsf natural gas consumption in cogeneration units
balCO2ngug(dores,tj define the co2emissions of natural gas consumption in hydrogeneration units
balCO2fg(dores,t) define the co2emissions of fuel gas consumption

balCO2coke(dores,t) define the co2emissions of coke consumption

balCO2elec(dores,t) define theco2emissions of electricity consumption

balCO2(dores,t) define thetotal balance of CO2 emissions due to combustion of fuel

egsumcrudetypel(dores;tgquation to sum the quantities of crude oil 1 consumed by each campaign
egsumcrudetype2(dores;tequation to sum the quantities of crude oil 2 consumed by each campaign
egsumcrudetype3(dores;tequation to sum the quantities of crude oil 3 consumed by each campaign
egsumcrude(dores;tequation to sum the quantities of crude oil consumed

eqtotcrue(dores,t} total crudeoil equation

eqtotcrudel(t} total crude 1 equation

eqtotcrude2(t} total crude 2 equation

eqtotcrude3(t} total crude 3 equation

egtransunitgasolinemax(dores,tfjefine the transformation of unit of gasoline produced from mass to volume
egtransunitdiesel(dores;tilefine the transformation of unit of gaswiproduced from mass to volume
boundcoke(dores,t)coke conemptionbound

eqtotproduction(dores,t)total production equation
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9. Annex Bi OURSE model demand scenarios

B.l) Shadow scenario

Table B-1 - OURSE model oil products demand$ Shadow scenario

Z1- Oil products demand (Mtonnes/year) - Shadow Scenario

Z2 - Oil products demand (Mtonnes/year) - Shadow Scenario

Z3 - Oil products demand (Mtonnes/year) - Shadow Scenario

Product 2015 2020 2025 2030 2035 2040 Product 2015 2020 2025 2030 2035 2040 Product 2015 2020 2025 2030 2035 2040
LPG 102.62 89.29 7596 62.63 49.30 3597 LPG 20.52 21.53 22,55 23.56 24.58 25.59 LPG 8.50 8.14 7.79 7.44 7.08 6.73
NPH 1482 1476 1470 14,63 14.57 14.51 NPH 8.56 9.99 1142 12.85 1428 1571 NPH 1.83 1.81 1.79 1.77 1.74 1.72
GSL 463.98 438.81 413.65 388.48 363.31 338.15 GSL 82.44 8420 8596 87.72 8947 91.23 GSL 19.96 19.92 1988 19.84 19.80 19.76
JET 80.99 80.84 80.68 80.53 80.38 80.22 JET 12.87 12.85 12.82 12.80 12.78 12.75 JET 15.68 1565 1562 1559 15.56 15.54
KRS 0.79 0.69 0.59 0.48 0.38 0.28 KRS 0.86 0.90 0.94 0.99 1.03 1.07 KRS 4.03 3.87 3.70 3.53 3.36 3.19
HTO 1423 1292 1161 10.30 8.99 7.68 HTO 8.19 8.33 8.46 8.60 8.74 8.87 HTO 1.15 1.14 1.13 112 1.12 1.11
GDO  251.05 23744 223.82 210.20 196.58 182.97 GDO  111.32 116.18 121.04 12591 130.77 135.63 GDO 52.55 5245 5235 5225 52,15 52.05
RFO 7.48 6.79 6.10 5.42 4.73 4.04 RFO 4.19 4.26 4.33 4.40 4.47 4.54 RFO 0.42 0.42 0.42 0.41 0.41 0.41
LUB 1097 10.38 9.78 9.19 8.59 8.00 LUB 4.41 4.69 4.98 5.27 5.55 5.84 LUB 1.06 1.06 1.05 1.05 1.05 1.05
BTM 46.12  56.90 67.67 78.44 89.22 99.99 BTM 1421  17.53 2085 24.17 2749 3081 BTM 2.85 352 4.18 4.85 5.51 6.18
CKP 50.06 46.34 42,63 3891 3519 3147 CKP 17.28 17.78 1828 18.79 1929 19.80 CKP 0.46 0.46 0.45 0.45 0.45 0.45
MAB 33.20 43.50 53.80 64.10 74.40 84.70 MAB 10.23 1341 1658 19.75 2293 26.10 MAB 8.08 10.59  13.10 15.60 18.11 20.62

Z4 - Oil products demand (Mtonnes/year) -

Shadow Scenario

Z5 - Oil products demand (Mtonnes/year) - Shadow Scenario

Z6 - Oil products demand (Mtonnes/year) - Shadow Scenario

Product 2015 2020 2025 2030 2035 2040 Product 2015 2020 2025 2030 2035 2040 Product 2015 2020 2025 2030 2035 2040
LPG 21.01 18.31 1562 12.93 10.23 7.54 LPG 18.51 1938 2024 21.11 21.98 22.84 LPG 1194 1425 16.56 18.87 21.18 23.49
NPH 23.28  23.04 2281 2257 2233 22,09 NPH 28.38 3399 3961 4522 50.84 5645 NPH 0.55 0.65 0.76 0.86 0.97 1.07
GSL 50.64 50.16 49.67 49.18 48.69 48.21 GSL 48.88 50.13 5139 5264 53.89 5514 GSL 44.08 5482 6557 76.31 87.05 97.80
JET 32,56 3250 3243 3237 3231 3225 JET 11.89 11.87 1184 11.82 11.80 11.77 JET 933 9.31 9.29 9.28 9.26 9.24
KRS 0.50 043 0.37 0.31 0.24 0.18 KRS 0.40 042 0.44 0.45 047 0.49 KRS 4.68 5.50 6.50 7.40 8.31 9.21
HTO 2.70 2.53 236 2.18 2.01 1.84 HTO 3.44 3.38 3.32 326 3.20 3.14 HTO 7.07 8.06 9.06 10.05 11.04 12.04
GDO 21048 20846 206.44 20441 20239 20036 GDO 65.16 6682 6849 70.16 71.83 7349 GDO 79.16 9846 11775 13705 15634 175.64
RFO 3.86 3.61 3.36 3.12 2.87 2.62 RFO 4.31 4.24 417 4.00 4.02 3.04 RFO 19 217 244 27 297 3.24
LUB 3T 3.67 3.63 3.60 3.56 3.53 LUB 6.54 6.71 6.87 7.04 7.21 7.38 LUB 2,11 2.62 3.13 3.65 4.16 4.67
BTM 16.11  19.87 2363 2740 31.16 3492 BTM 1467 1810 2152 2495 2838 31.80 BTM 521 6.43 7.64 8.86 10.08 11.29
CKP 7.11 6.99 6.87 6.76 6.64 6.52 CKP 1.53 1.53 1.52 1.51 1.51 1.50 CKP 0.00  0.00 0.00 0.00 0.00 0.00
MAB 30.00 3931 4861 5792 67.23 76.53 MAB 26.83 3515 4347 5180 60.12 6544 MAB 8.40 11.00 13.61 16.21 18.82 21.43

Z7 - Oil products demand (Mtonnes/year) - Shadow Scenario  Z8- Oil products demand (Mronnes/year) - Shadow Scenario  Z9 - Oil products demand (Mtonnes/year) - Shadow Scenario

Product 2015 2020 2028 2030 2035 2040 Product 2015 2020 2025 2030 2035 2040 Product 2015 2020 2025 2030 2035 2040
LPG 51.38 5192 5246 53.00 53.54 5408 LPG 3582 3534 3486 3438 3390 3342 LPG 63.28 64.38 6548 66.58 67.68 68.78
NPH 5.53 6.60 7.66 8.72 9.79 10.85 NPH 4729 58.83 7036 8190 9343 10497 NPH 108.78 126,12 14345 16079 178.12 19546
GSL 76.04 88.54 101.03 113.53 126.02 138.52 GSL 11563 13514 15466 174.17 193.69 213.20 GSL 131.97 15335 17474 196.12 217.51 238.89
JET 19.06  19.03 18.99 18.95 18.92 18.88 JET 2505 25.00 2495 2491 24806 2431 JET 4498 4490 44831 4472 44.64 4455
KRS 4.97 5.02 5.08 5.13 5.18 523 KRS 1.59 1.57 1.55 1.53 1.50 1.48 KRS 23.06 2346 23.836 24.26 24.66  25.07
HTO 2228 20.73 19.18 17.62 16.07 14.51 HTO 16.97 16.99 17.01 17.03 17.06 17.08 HTO 75.05 77.98 8091 83.84 86.77 89.70
GDO 115.30 13425 153.19 172.14 191.08 210.03 GDO 173.83 203.17 23251 261.84 291.18 320.52 GDO  223.55 259.78 206.00 332.23 368.46 404.68
RFO 1164 1083 10.01 9.20 8.39 7.58 RFO 3.09 3.10 310 3.10 31 311 RFO 3099 3220 3341 3462 3583  37.04
LUB 2.59 3.02 345 387 4.30 4.73 LUB 2306 2695 30.84 3474 3863 4252 LUB 1559 1812 2064 2317 2570 28.22
BTM 26.72 3297 3921 4545 5169 5793 BTM 33.68 41.55 4941 5728 6515 73.02 BTM 30.98 38.21 4545 5268 59.92 67.15
CKP 0.11 0.13 0.14 0.15 0.16 0.18 CKP 33.64 3229 3094 2959 2824 2689 CKP 7.72 8.04 836 8.68 9.00 9.31
MAB 39.88 5225 6462 7699 89.36 101.73 MAB 3325 4356 5387 6419 7450 8481 MAB 69.60 91.19 112,78 13438 15597 177.56
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B.1I) Cloudy scenario

Table B-2 - OURSE model oil products demand$ Cloudy scenario

Z1 - Oil products demand (Mtonnes/year) - Cloudy Scenario _Z2 - Oil products demand (Mtonnes/year) - Cloudy Scenario _Z3 - Oil products demand (Mtonnes/year) - Cloudy Scenario

Products 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040
LPG 102,62 86.00 69.39 5278 36.17 19.56 LPG 20.52 2135 22,19 23.02 2385 24.69 LPG 8.50 7.91 7.32 6.74 6.15 5.56
NPH 14.82 1478 1474 1471 1467 14.63 NPH 8.56 1001 1146 1291 1436 1581 NPH 1.83 1.81 179 1.77 1.74 1.72
GSL 463.98 430.43 396.89 363.34 329.80 296.25  GSL 8244 83.18 8392 8466 8541 86.15 GSL 1996 19.57 19.18 1880 1841 18.03
JET 80.99 79.26 77.54 7581 74.08 7235 JET 1287 1260 1232 1205 11.77 11.50 JET 15.68 1535 1501 14.68 1435 14.01
KRS 0.79 0.66 054 041 0.28 0.15 KRS 0.86 0.89 0.93 0.96 1.00 1.03 KRS 4.03 3.76 348 3.20 292 2.64
HTO 1423 1289 11.54 1020 885 7.50 HTO 8.19 8.30 8.41 8.52 8.63 8.74 HTO 1.15 1.14 113 1.12 111 1.10
GDO 251.05 232.90 214.75 196.60 178.45 160.30 GDO 111.32 113.37 11542 11747 11952 12157 GDO 52,55 51.54 50.53 4951 4850 4748
RFO 7.48 6.77 6.07 5.36 4.65 3.95 RFO 4.19 4.25 4.30 4.36 4.41 4.47 RFO 0.42 0.42 0.41 0.41 0.41 0.40
LUB 1097 10.18 9.38 8.59 7.80 7.00 LUB 4.41 4.53 4.65 4.77 4.89 5.01 LUB 1.06 1.04 1.02 1.00 0.98 0.96
BTM 46.12 5271 5931 6590 7249 79.08 BTM 1421 1625 1828 2031 2234 2437 BTM 2.85 3.26 3.66 4.07 4.48 4.89
CKP 50.06 46.20 42.34 3848 34.62 30.76 CKP 17.28 17.75 1822 18.69 19.16 19.64 CKP 0.46 0.46 0.45 0.45 0.45 0.44

MAB 3320 4133 4945 5758 6571 73.83 MAB 1023 1274 1524 1775 2025 2275 MAB 8.08 1006 12.04 1402 16.00 17.97

24 - Oil products demand (Mtonnes/year) - Cloudy Scenario  Z5 - Oil products demand (Mtonnes/year) - Cloudy Scenario _Z6 - Oil products demand (Mtonnes/year) - Cloudy Scenario
2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040
LPG 21.01 1756 14.11 10.67 722 377 LPG 1851 1879 19.06 1934 1961 19.88 LPG 11.94 1350 15.05 16.61 18.17 19.72
NPH 2328 2306 2285 2263 2242 2220 NPH 2838 34.04 3971 4538 51.05 56.72 NPH 0.55 0.66 0.76 0.87 0.97 1.08
GSL 50.64 4769 4474 4179 3883 3588 GSL 48.88  48.83 48.77 48.72 4866 4861 GSL 44.08 5221 6035 68.48 76.62 84.76
JET 3256 31.86 31.17 3047 29.78  29.09 JET 11.89 11.63 1138 1113 1087 10.62 JET 9.33 9.3 8.93 8.73 8.53 833
KRS 0.50 0.42 0.33 0.25 0.17 0.09 KRS 0.40 0.40 0.41 0.42 0.42 0.43 KRS 4.68 5.30 591 652 713 7.74
HTO 2.70 252 233 2.14 1.95 1.76 HTO 344 340 335 331 327 322 HTO 7.07 794 8.81 9.68 10.55 11.42
GDO 21048 198.21 18594 173.67 16140 149.13 GDO 65.16 65.08 6501 6494 6486 64.79 GDO  79.16 9377 10838 123.00 137.61 15222
RFO 3.86 3.59 3.32 3.05 2.79 2.52 RFO 4.31 4.26 4.21 4.15 4.10 4.05 RFO 1.90 2.14 237 261 2.84 3.08
LUB imn 349 327 3.06 2.84 2.63 LUB 6.54 6.53 6.53 6.52 6.51 6.50 LUB 2.1 2.49 2.88 327 3.66 4.05
BTM 16.11 1841  20.71 2302 2532 2762 BTM 1467 1677 1886 2096 23.06 2515 BTM 5.21 5.95 6.70 744 8.19 8.93
CKP 7.11 6.96 6.81 6.65 6.50 6.35 CKP 1.53 153 153 1.52 1.52 151 CKP 0.00 0.00 0.00 0.00 0.00 0.00
MAB  30.00 3734 4469 5203 5937 66.72 MAB 26.83 3340 3996 4653  53.09  59.66 MAB 8.40 1045 1251 14.57 16.62 18.68

Z7 - Oil products d d (M fyear) - Cloudy Scenario 78 - Oil products demand (Mtonnes/year) - Cloudy Scenario _Z9 - Oil products demand (Mtonnes/year) - Cloudy Scenario
2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040
LPG 51.38 5047 49.55  48.64 47.73  46.81 LPG 3582 3383 31.84 2985 2786 25.87 LPG 63.28 6250 61.72 6094 60.16 59.38
NPH 5.53 6.62 792 8.81 9.90 11.00 NPH 4729 5760 6791 7822 88.52 9883 NPH 108.78 12495 141.11 157.27 17343 189.59
GSL 7604 8593 9581 10569 11557 12546 GSL 11563 12680 13797 149.14 16032 17149 GSL 13197 14579 159.61 17343 18726 201.08
JET 19.06 18.66 1825 17.84 1744 17.03 JET 25.05 2451 2398 2345 22091 2238 JET 44.98  44.02 43.06 42.10 41.14 40.18
KRS 497 4.88 4.79 4.71 4.62 453 KRS 1.59 1.50 141 1.32 1.24 1.15 KRS 2306 2277 2249 2221 2192 2164
HTO 22.28 20.67 19.05 17.43 15.81 14.19 HTO 16.97 16.50  16.03 15.56  15.08 14.61 HTO 75.05 76.52 77.98 79.45 8092 82.39
GDO 11530 130.28 14527 160.25 17524 190.22 GDO  173.83 190.63 20742 22421 241.01 257.80 GDO  223.55 246.97 270.38 293.80 317.21 340.63
RFO 11.64 10.79 9.95 9.10 8.26 741 RFO 3.09 3.01 292 2.83 2.75 2.66 RFO 3099 31.60 3220 32.81 3342 34.02
LUB 2.59 2.93 3.27 3.61 3.94 4.28 LUB 23.06 2529 27.52 2974 3197 3420 LUB 1559 17.22 1886 2049 22,12 23.76
BTM  26.72 30.54 3436 38.18 42.00 45.82 BTM 3368 3849 4331 48.12 5294 5775 BTM 3098 3540 3983 4426 4869 53.11
CKP 0.11 0.13 0.14 0.15 0.16 0.17 CKP 33.64 3153 2942 2732 2521 2310 CKP 772 7.88 8.04 8.21 8.37 853
MAB 39.88 4964 5940 69.16 7892 88.68 MAB 3325 41.38 4952 57.66 6579 7393 MAB  69.60 86.64 103.67 120.71 137.74 154.78
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B.1ll) Shiny scenario

Table B-3 - OURSE model oil products demand$ Shiny scenario

Z1 - Oil products demand (Mtonnes/year) - Shiny Scenario _Z2 - Oil products demand (Mtonnes/year) - Shiny Scenario  Z3 - Oil products d d (Mt 'year) - Shiny Scenario
2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040
LPG 102,62 8401 6541 4681 2821 9.60 LPG 20.52 2040 2028 20.16 20.04 1993 LPG 8.50 7.44 6.39 5.34 4.29 3.4
NPH 1482 1460 1439 1417 1395 13.73 NPH 8.56 9.73 1091 12.08 1325 1443 NPH 1.83 1.79 1.75 1.72 1.68 1.64
GSL  463.98 397.28 330.58 263.88 197.18 130.48  GSL 82.44 79.56  76.69 7381 70.94 68.06 GSL 1996 18.64 17.32 1601 14.69 1338
JET 80.99 7443 67.87 6132 54.76 48.20 JET 12.87 11.83 10.79  9.75 8.70 7.66 JET 1568 1441 13.14 11.87 10.60 9.33
KRS 0.79 0.65 0.51 0.36 0.22 0.07 KRS 0.86 0.85 085 0.84 084 083 KRS 4.03 3.54 3.04 2.54 2.04 1.54
HTO 1423 12,58 1094 9.29 7.64 5.99 HTO 8.19 7.97 775 753 131 710 HTO 1.15 1.13 111 1.09 1.08 1.06
GDO 251.05 21496 178.87 142.78 106.69 70.60 GDO  111.32 103.37 9542 8747 79.52 71.57 GDO 5255 49.09 4562 42.16 38.69 3523
RFO 7.48 6.62 5.75 4.88 4.02 3.15 RFO 4.19 4.08 397 385 374 3.63 RFO 0.42 0.41 0.41 040 039 0.39
LUB 1097 9.39 7.82 6.24 4.66 3.09 LUB 4.41 3.94 347 300 253 207 LUB 1.06 099 092 0.85 0.78 0.71
BTM 46.12 47.00 4787 4875 49.62 50.50 BTM 14.21 1448 1475 1502 1529 1556 BTM 2.85 2.90 2.96 3.01 3.07 3.12
CKP  50.06 4449 3893 3336 2780 2223 CKP 17.28 16.89 16.50 16.11 1572 1533 CKP 0.46 0.45 0.44 0.44 0.43 0.42
MAB 3320 3433 3546 36.58 3771 3883 MAB 10.23 10.58 1093 11.27 11.62 1197 MAB 8.08 8.36 8.63 8.91 9.18 9.45

Z4 - Oil products demand (Mtounes/year) - Shiny Scenario _Z5 - Oil products demand (Mtonnes/year) - Shiny Scenario _Z6 - Oil products demand (Mtonnes/year) - Shiny Scenario
2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040
LPG 21.01 17.12 13.24 9.35 5.47 1.58 LPG 1851 17.85 17.19 16.53 15.87 1521 LPG 1194 13.69 1545 17.20 18.95 20.70
NPH 2328 2235 2142 2049 1956 18.63 NPH 2838 3308 37.78 4247 47.17 5187 NPH 0.55 0.65 0.74 0.84 0.94 1.03
GSL 50.64 43.48 36.31 29.14 2197 1481 GSL 4888 4622 4356 40.89 3823 3557 GSL 44.08 4747 5087 5427 57.66 61.06
JET 3256 29.92 27.29 2465 2201 19.38 JET 11.89 1093 9.96 9.00 8.04 7.07 JET 9.33 8.57 7.82 7.06 6.31 5.55
KRS 0.50 0.41 0.31 022 0.13  0.04 KRS 0.40 0.38 0.37 0.36 0.34 0.33 KRS 4.68 5.37 6.06 6.75 7.43 8.12
HTO 2.70 246 222 1.98 174 1.50 HTO 3.44 344 345 3.46 3.46 347 HTO 7.07 7.69 831 8.93 9.55 1017
GDO 21048 180.70 15091 121.12 91.33 61.54 GDO 6516 61.61 58.06 5451 5096 4741 GDO  79.16 8526 9136 9746 103.56 109.66
RFO 3.86 3.52 317 283 249 214 RFO 4.31 4.32 4.33 4.33 4.34 4.35 RFO 1.90 207 224 241 2.57 274
LUB 3.71 3.18 2.66 213 L6l 1.08 LUB 6.54 6.18 5.83 5.47 5.11 4.76 LUB 2.1 227 243 2.59 2.75 292
BTM 16.11 16.41 16.72 17.03  17.33 17.64 BTM 1467 1495 1523 1550 15.78 16.06 BTM 521 531 541 5.51 5.60 5.70
CKP .11 6.69 6.27 5.85 5.43 5.01 CKP 1.53 147 1.41 1.35 1.29 123 CKP 0.00 0.00 0.00 0.00 0.00 0.00
MAB  30.00 31.02 32.04 33.06 3407 35.09 MAB 26.83 27.74 28.65 29.56 3047 3138 MAB 8.40 8.68 8.97 9.25 9.54 9.82
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