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Abstract

This paper introduces ORION, a GAMS-based Mixed Integer Linear Programming model
designed to optimize the refining sector. ORION is a multiplant model and considers the spatial
distribution of supply, demand, and process units. It addresses not only conventional refinery
operations, but also focuses on novel opportunities for integrating the sector into a context of
carbon intensity reduction: processing of both fossil and renewable feedstocks, and the
construction of small-scale modular refineries. Moreover, the model allows a two-step
optimization to identify refineries with low utilization factors and subsequently evaluate how
the industry responds to their closure. Those features of the model are demonstrated in a case
study for Brazil, illustrating that ORION is useful for assessing risks (e.g., stranded assets) and

opportunities (e.g., biomass co-processing, small-scale refineries) in decarbonization scenarios.
1. Introduction

This work presents ORION (Oil and renewables Refining Industry Optimization and
syNergies), an optimization model for analyzing the refining sector and is the result of a
partnership between IFP School - IFPEN, in France, and the Federal University of Rio de

Janeiro (UFRJ), in Brazil'. The theme is of interest for France and Brazil since both countries

! The development of the model started during the PhD visiting research of Fernanda Pires Domingues Cardoso
Guedes at the IFP School and continued during the PhD visiting research of Clarissa Bergman-Fonte at the same
institution. The research was under the supervision of Professor Frédéric Lantz, from IFP School and of Professors
Alexandre Szklo and Pedro Rochedo, from UFRJ.



have a consolidated oil refining industry [1], [2], and it is crucial to understand the possibilities

for the evolution and integration of this sector to energy transition strategies.

According to the contribution of the Working Group 111 to the Sixth Assessment Report from
the IPCC [3], in mitigation scenarios which restrict warming to 1.5°C with no or limited
overshoot, net zero CO2 emissions must be reached around 2035 to 2070, and fossil oil use
typically declines 30% to 78% by 2050 from 2020 levels. Thus, there is the risk of assets in oil
refineries becoming stranded and no longer able to earn their economic return prior to the end
of their lifetime [4]. Nevertheless, opportunities for the integration of the refining sector to the
decarbonization context do exist [5]. This involves the processing of renewable feeds in refining

units and the investment in small-scale modular refineries, as further detailed in Section 2.

According to Guedes (2019) [6], mathematical models have been used with several objectives
in studies related to the refining sector, such as: evaluating crude oil selection, process
configurations and the synthesis of products; planning of products’ logistics; integrating
refining and petrochemical plants; evaluating greenhouse gas (GHG) emissions in refineries;
integrating oil supply chains; among others. Several studies applied optimization techniques
using linear, non-linear or mixed integer programming [7], [8], [9], [10]. In terms of
optimization models, it is worth highlighting the OURSE (Oil is Used in Refineries to Supply
Energy) model [11], [12], which represents the refining sector at a global level. In addition to
the models described above, there are others which are not focused on optimization but rather
in the simulation of the sector [13], [14], [15]. Nevertheless, none of the existing tools focus on
the optimization of the refining sector while considering possibilities such as using its assets
for the processing of renewable feeds or investing in small-scale modular refineries. This is

precisely the gap that the ORION model seeks to fill.

The main objectives of this work are, thus, to present the ORION model and to exemplify its
application, focusing on the importance of innovative approaches for the refining sector in

decarbonization scenarios.
2. General description of the model

ORION is a Mixed Integer Linear Programming (MIP) model developed in the GAMS (General
Algebraic Modeling System) language using the CPLEX solver. It can be applied for any
location, which can be further divided into sub-regions of interest. Also, external regions are
accounted for to deal with external trade. The current version of the model operates from 2015
to 2040.



Fourteen refining process units are considered, as seen in Figure 1, as well as auxiliary units
(the hydrogen generation and cogeneration units, HGU and COG, respectively). Up to three
types of crudes (or their blends) can be defined, and ten types of final products are considered:
refinery gas, LPG, naphtha, gasoline, kerosene, jet fuel oil, diesel, fuel oil, heating fuel oil and

coke. Two campaigns? are comprised by the model, i.e., diesel and naphtha campaigns.
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Figure 1. Refining scheme. Source: [6].

ADU — Atmospheric distillation unit; VDU — Vacuum distillation unit; DSP — Deasphalting unit; FCC
— Fluid Catalytic Cracking unit; RFCC — Residue Catalytic Cracking unit; HCK — Hydrocracking unit;
ALK — Alkylation unit; CRU — Catalytic Reforming unit; COK — Delayed Coking unit; GHDS —
Gasoline Hydrodesulfurization unit; NHDT — Naphtha hydrotreating unit; KHDT — Kerosene
hydrotreating unit; DHDT — Diesel hydrotreating unit; UHDT — Unstable products hydrotreating unit;
LPG — Liquefied petroleum gas; LSRN — Light straight run naphtha; HSRN — Heavy straight run

2 A campaign is an operation mode that aims to maximize the production of a given product.



naphtha; AGO — Atmospheric gasoil; ATR — Atmospheric residue; LVGO - Light vacuum gasoil;
HVGO - Heavy vacuum gasoil; LGO — Light gasoil; HGO — Heavy gasoil; DOSP — Deasphalted oil;
REDSP — Deasphalted residue; LCO — Light cycle oil; SLO — Slurry oil.

In addition to the conventional operation of the refining sector — that is, the processing of crude
oil in large-scale sites aiming mainly at synthesizing fossil fuels — ORION can also address
innovative approaches such as the processing of renewable feeds and the investment in modular

mini refineries. These are further explained in the paragraphs below.

Co-processing involves introducing a renewable feed alongside the traditional fossil feed in
refining units, resulting in drop-in products containing a proportion of renewable carbon, but
still an amount fossil carbon. ORION considers the possibility of biomass feeds (such as straight
vegetable oils (SVOs), used cooking oils (UCOs) or animal fats) co-processing in hydrotreaters
for unstable products (UHDTS). This approach is easily implementable within current facilities,
utilizing existing infrastructure and configurations, with reduced need for additional capital
investment [16]. Co-processing is regarded as a pathway to accelerate the transformation of oil
refineries towards the synthesis of sustainable fuels [17], representing an important strategy for
the growth of drop-in biofuel production [18].

Modular mini refineries are also considered in the model. Those are small-scale refineries
(various definitions exist in the literature, ranging from 1,500 to 50,000 barrels/day) that consist
of independently designed units [10]. Compared to conventional refineries, the small-scale
modular concept offers significant advantages in the context of energy transition, such as: lower
installation costs, shorter construction times and enhanced flexibility, allowing for easier
upgrades to accommodate changes in product demand or incorporate innovations. Since small-
scale refineries are simpler than large-scale ones, only a subset of the process units is available
to the model, including the atmospheric and vacuum distillation units, all types of hydrotreaters,

the catalytic reforming process, the fluid catalytic cracking unit and the auxiliary processes.
3. The optimization model: objective function and constraints

The objective function in ORION is the discounted total cost for meeting the demand for
refining products across all regions and periods considered. ORION aims to obtain an optimal
solution by minimizing this function subject to the energy and mass balances of the
technologies, as well as to a set of constraints. These constraints are related to the availability
of resources, to carbon dioxide emissions, to the quality of the final products, to the demand for

final products, among others.



ORION allows a two-step optimization procedure. A first optimization round is performed to
identify refineries with low utilization factors®. Afterwards, a second optimization round
considers the closure of these refineries, since it is known that a minimum utilization factor is

required for a refinery park to continue operating with acceptable margins [19].

Section 3.1 describes the objective function, while Section 3.2 describes equations related to
the above-mentioned constraints. Finally, Section 3.3 lists all the data that must be inputted by

the user to perform an analysis, as well as the outputs that result from the model.
3.1. The objective function

The objective function is divided into two parts, one concerning conventional large-scale

refineries and the other one concerning modular mini refineries.

Zen = CAPEXcq + OPEXcq + OPCog + BIOPCop + FPCop + EPCop + CO2Ccp +
INTTRAD g + IMP — EXP + CAPEXINFRA @
Zur = CAPEXy g + OPEXyg + OPCyg + BIOPCyg + FPCyyp + EPCyp +

CO2Cyp + INTTRADyg @
Z= Zcg +Zyr 3

In Equations 1 to 3, Zr and Z,,i represent the part of the objective function, Z, that refers to
conventional large-scale refineries and to modular mini refineries, respectively. Z g and Z,
in Equations 1 and 2, respectively, are sums of terms representing costs related to the refining
sector. All these terms consist of the discounted sum of the respective costs for all regions and
periods analyzed, as shown in the Annex A. CAPEX refers to the cost of investing on new
refining units, and OPEX includes fixed and variable operating & maintenance costs of new
and existing units. OPC, BIOOPC, FPC and EPC are the costs of purchasing crude oils, biomass
oils, fuels and electricity. CO2C refers to the cost of CO2 emissions. INTTRAD, IMP, EXP and
CAPEXINFRA are, respectively: the costs to trade final products in-between internal regions
and to import them, the revenues with their exports and the capacity expansion costs for
structures such as ports, which enable external trade. One should notice that the function for

modular mini refineries does not include the IMP, EXP and CAPEXINFRA components, since

% The utilization factor of a refinery is defined as the ratio between the amount of crude oil processed in its
atmospheric distillation unit and the installed capacity of this unit.



those sites are supposed to provide its products locally. A full nomenclature list can be found

in Annex C.
The elements of these equations are detailed below, and Annex A presents all the equations.
3.1.1. CAPEX

Capital Expenditures (CAPEX) are composed by ISBL (Inside Battery Limits) and OSBL
(Outside Battery Limits) investments. The first category includes process units, piping,
electrical installations, and instrumentation located in the unit area, while the second one
encompasses distribution systems, storage facilities and other structures located outside the

main process area. Equation A.1 in the Annex represents the CAPEX.
3.1.2. OPEX

Operating Expenditures (OPEX) include fixed and variable running costs. The first category
encompasses labor, maintenance, taxes, insurance, and administrative expenses. The second
one corresponds mainly to chemical products and catalysts (utilities are treated separately).
Equation A.2 in the Annex represent the OPEX.

3.1.3. Oil purchase cost (OPC)

Each type of crude blend in the model has its price defined according to a crude oil reference
price, to take into account the impact of the different oil qualities into their value. In general,
the price of a type of crude oil is a function of its °API, of its sulfur level and of the Brent price
[6]. This is described in Equation A.3 in the Annex of this work, which shows that each
additional unity of °API results in a premium of around USD 0.002 per dollar of Brent, and

each percent increase of sulfur leads to a discount of USD 0.056 per dollar of Brent.

The oil purchase cost is, then, defined based on the price of each crude oil blend, its import
freight price and the quantity processed in each region and period of analysis, as described by

Equation A.4 in the Annex of this work.
3.1.4. Biomass oil purchase cost (BIOOPC)

The biomass oil purchase cost in the model depends on its price, the price of its freight in
between internal regions and the quantity processed in each region and period of analysis, as

described by Equation A.5 in the Annex of this work.



3.1.5. Fuel purchase cost (FPC)

The fuel purchase cost refers to the cost of fuels to meet the demand of refineries. The model
considers natural gas, refinery gas, fuel oil and petroleum coke as fuels, and Equation A.6 and

A.7 in the Annex describe the calculations.
3.1.6. Electricity purchase cost (EPC)

The electricity purchase cost refers to the cost of grid electricity to meet the demand of
refineries. Equation A.8 in the Annex describe the calculations.

3.1.7. COzemissions cost (CO2C)

The cost of CO, emissions in the model depends on possible CO; pricing, that is, values to be
paid for a given amount of emitted gas. Thus, the calculations are made based on a CO; price,
and on the quantity of this gas released to the atmosphere by refineries, as described by Equation
A.9 in the Annex of this work.

3.1.8. Cost of internal trade of refining products (INTTRAD)

Internal trade cost represents the trade of final refining products between internal regions. It
includes the cost of transportation of a given product from one region to another, as shown in

Equations A.10 in the Annex.
3.1.9. Cost of importing refining products (IMP)

Imports costs consider, for each product, FOB (Free-on-board) prices and the freight costs
related to their transportation from an external region. Equation A.11 in the Annex details this

calculation.
3.1.10. Revenues from exporting refining products (EXP)

Exports revenues consider, for each product, FOB (Free-on-board) prices. Equation A.12 in the

Annex details this calculation.
3.1.11. Expansion costs for structures which enable external trade (CAPEXINFRA)

ORION allows the capacity expansion of infrastructure, such as harbors, through which external
trade happens. This additional capacity has an associated CAPEX, and its costs are detailed in
Equation A.13 in the Annex.



3.2.Constraints
3.2.1. Crude oil availability

Crude oil is the main feedstock for refineries in ORION. At a given period, the total
consumption of a given type of crude must be inferior or equal to its availability. This is detailed
in Equation A.14.

3.2.2. Balances of intermediate products, of streams and of final products

Three types of constraints guarantee the mass balances in a refinery. The equations for
intermediate products balance input and output quantities in each unit, as shown in Figure 2
(top, left) and presented in Equation A.15 in the Annex. The equations for streams balance the
output of a processing unit with their respective destinations, as pictured in Figure 2 (top, right)
and shown in Equation A.16 in the Annex. The equations for products sum the streams that
compose the pool of each final product, as illustrated in Figure 2 (bottom) and shown in

Equation A.17 in the Annex.
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Figure 2. Top, left: flow diagram of the balance of intermediate products. Top, right: flow diagram of
the balance of streams. Bottom: flow diagram of the balance of final products.

3.2.3. Capacity balances

The total nominal capacity of each processing unit in each region in the base year is an
exogeneous variable. For each period, the updated nominal capacity is calculated by adding that
from the preceding period to new capacity investments. The available capacity in each period
results when the nominal capacity is multiplied by a capacity factor, which considers events

such as maintenance shutdowns. Finally, the capacity level of a processing unit is equal to the



sum of the input flows in the given unit and must be inferior to the available capacity. Equations
A.18 to A.20 describe these calculations.

3.2.4. Demand for of utilities
Steam

Steam is divided into three types: high, medium, and low-pressure steam (HP, MP, and LP
steam, respectively). Their demand is calculated considering the specific consumption of each
unit in each region, period, and type of refinery. Their supply is provided using either
cogeneration or boilers. In addition, MP steam can be supplied by HP steam surplus, and LP
steam can be supplied by MP steam surplus. Equations A.21 to A.27 in the Annex describe the
balance of different types of steam.

Fuel

Fuel demand is calculated considering the specific consumption of each unit in each region,
period, and type of refinery. The supply can be provided by fuel oil or refinery gas, both
produced in the refining process itself. Particularly, FCC and RFCC units apply the coke they
produce. Equations A.28 to A.33 in the Annex describe the balance of fuels.

Electricity

Electricity demand is calculated considering the specific consumption of each unit in each
region, period, and type of refinery. The supply can be provided by cogeneration or electricity
purchased from the grid. Equations A.34 to A.36 in the Annex describe the electricity balance.

Hydrogen

Hydrogen demand is calculated considering the specific consumption of each unit in each
region, period, and type of refinery. The supply can be provided by hydrogen generation units
in addition to hydrogen produced in catalytic reforming units. Equations A.37 to A.39 in the

Annex describe the hydrogen balance.
3.2.5. COzemissions

ORION accounts for CO2 emissions from refineries. These come from the burning of fuels
(natural gas, refinery gas, fuel oil and coke) to produce steam, electricity, and heat, from the
use of grid electricity, and from the production of hydrogen using natural gas. Equation A.40
in the Annex describes this calculation.



3.2.6. Quality specification of products

Some final products must meet technical quality specifications for given properties. ORION
considers specifications for gasoline (density, sulfur content, octane number), diesel (density,
sulfur content, cetane number) and jet fuel, kerosene, and fuel oil (sulfur content). Equation
A.41 in the Annex describes the constraints related to these properties.

3.2.7. Demand for final products

For each final product in each region, it is necessary to guarantee that supply (acquisition from
own production, acquisition from internal regions and imports) is greater or equal to the sum of

demand and exports. Equation A.42 in the Annex describes this.
3.2.8. Constraints on imports and exports

Trade with external regions — that is, imports and exports — is restricted by the capacity of
infrastructure to do so, such as harbors. For a given region and period, the sum of imports and
exports of final products is limited to the total infrastructure capacity. It is important to mention
that the model does allow the expansion of this infrastructure if needed. Equations A.43 and

A.44 in the Annex describe these constraints.
3.2.9. Biomass co-processing

As stated in Section 2, ORION considers the possibility of biomass oil co-processing in
hydrotreaters for unstable products (UHDTS). The biomass oil available for co-processing, in
each region is defined by the amount of this oil which is produced in the region together with
that which is acquired from other regions and subtracted from that which is sold to other regions.

This is represented by Equation A.45 in the Annex.

The actual amount of biomass oil inputted in UHDT units is also restricted by the mass fraction
that can be fed to the unit. Studies indicate the possibility of working with different percentages
of biomass raw material in the input of UHDTSs, with the potential to reach 100% renewable
feedstock [16]. Equation A.46 in the Annex describes this constraint.

It is also relevant to point out that the removal of undesirable elements through hydrotreating
becomes more challenging when comparing oxygen with sulfur, being more demanding in
terms of catalysts and required pressure. Thus, biomass-derived compounds, which have a high
oxygen content in their composition, require more severe conditions in this process [20].

Therefore, operating with a fraction of renewable feeds might increase the operating costs and



the required hydrogen pressure of UHDT units. This is represented in equations A.47 and A.48

in the Annex.
3.2.10. Modular mini refineries

Most of the cost and constraint functions described in the sections above must be defined both
for conventional large-scale refineries and for modular mini refineries, as is clear by the analysis
of the equations in Annex A. Nevertheless, the definition of modular mini refineries requires
one special constraint. While large-scale refineries are treated by ORION in a continuous
manner — that is, for each region the capacity of each type of unit is a number that broadly
represents the sum of all refineries in the region — modular mini refineries consist of
independently designed units with pre-defined capacities. So, it is important to have a
mathematical representation of the integer number of these small-scale refineries and of their
typical capacity. This is defined by Equation A.49 in the Annex, which transforms the model

into a Mixed Integer Linear Programming model (MIP).
3.3.Input data and output results

ORION is supported by an Excel sheet in which it is possible to define all the necessary data
for the analysis. This sheet is then read by the model. The data is separated into different
categories, as shown in Figure 3: number of regions, crude oil definition, renewable oil
definition, refining operations definition, modular mini refineries definition, intermediate
products definition, final products definition, and economic settings. Table 1 details the data to

be defined in each category.

As also shown by Figure 3, ORION outputs a series of results, which enable analyses such as:

e the evaluation of the amount of feedstocks (crude or biomass oils) by the refining sector
over time and in different regions;

e the analysis of the installed capacity of units and of the capacity effectively used over
time and in different regions, shedding light on potential stranded assets;

e the evaluation of the consumption of utilities and of the CO2 emitted by the operation
of refineries (which is mainly related to energy consumption) used over time and in
different regions, providing insight into possible mitigation measures;

e analysis of how the demand is met in each period and region: own production by the

region, trade with other internal regions or imports from external regions;



evaluation of different types of costs over periods and regions: CAPEX and OPEX of
refineries, purchasing of feedstocks and utilities, CO. pricing and costs with internal

and external trade.
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Figure 3. ORION input data and output results.



Table 1. ORION Input data.

Category

Input data

Number of regions

Number of internal regions
Number of external regions

Crude oil definition

Maximum availability of each blend

API gravity and sulfur content of each blend
Reference crude oil FOB price and growth rates
Crude oil freight prices

Renewable oil definition

Maximum availability and growth rates
Reference price and growth rates

Freight prices

Maximum mass fraction to be fed in UHDT units

Refining operations
definition

Installed capacities of units (base year)
CAPEX and OPEX of units

Yields of units

Specific consumption of utilities

Prices of fuels and electricity

Emission factors of fuels and electricity
CO, taxation price

Modular mini refineries
definition

Installed capacities of units (base year)
Typical ADU capacity
CAPEX and OPEX of units

Intermediate products
definition

Properties of intermediate products that compose the final pool
of gasoline, kerosene, jet fuel, diesel and fuel oil*

Final products definition

Initial demand and growth rates

Required properties of final products: gasoline, kerosene, jet
fuel, diesel and fuel oil*

Final products FOB import/export prices and growth rates
Final products freight prices

Installed capacity of infrastructure for final products transport
(base year)

Cost of expanding infrastructure for final products transport

Economic settings

Discount rate

! Gasoline: density, sulfur content, octane number; diesel: density, sulfur content, cetane number; jet fuel,
kerosene, and fuel oil: sulfur content.

4. Example of application

Below is a case study using ORION. As highlighted in Section 3, there are various types of

results that can be obtained from the model. The example discussed here aims to demonstrate

the model's functionality and focuses primarily on evaluating installed capacities of units and

their utilization levels, as well as assessing the consumption of biomass oils in HDT units.



4.1.Definition and objectives

As stated in Section 1, decarbonization scenarios imply that fossil oil use must decline in the
following decades, leading to a decrease in the utilization of refineries. In general, it is
understood that a refinery park shall have 70 — 80% as a minimum utilization factor to operate
with acceptable margins. Refineries operating with low utilization rates, thus, might need to be
shut down [19].

The present case study focuses on the Brazilian refining sector under a decarbonization
scenario. In this example, the two-step procedure described in Section 3 was used, and it was
established that large-scale refineries operating with utilization rates lower than 50% shall be
closed. The objective of this study was to evaluate if these closures help keep the remaining
sites with high utilization rates, and if biomass co-processing and modular mini refineries -
innovative approaches for the sector in decarbonization scenarios - play a role in the energy

transition context.
4.2 Methods

The decarbonization case evaluated was originally defined by Guedes (2019) [6], as a scenario
that considers an accelerated energy transition towards climate change. Brazil was divided in
four regions®, illustrated in Figure 4, along with the refineries in which one of them. Demands
were constructed based on the “Sustainable Development” scenario of the World Energy
Outlook studies [21] and on premises regarding the Brazilian transport sector [22]. Despite
Brazil having only large-scale refineries processing fossil oil in the base year, options for the
sector's evolution over the years include the co-processing of soybean SVO in UHDT units, as
well as expansion through modular mini-refineries. All the relevant data regarding the case
definition — demand for final products, SVO availability etc. — is described in Annex B of this

work.

4 South region (S); Rio de Janeiro Minas Gerais and Espirito Santo states (RI/MG/ES); Sdo Paulo state (SP); North,
Northeast and Midwest regions (N/NE/CO).
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Figure 4. Brazilian sub-regions and refineries.

To assess the closure of refineries with low utilization rates, a two-step optimization process
was implemented. Initially, a preliminary simulation identified regions where the utilization
rate dropped below 50% during a specific period. Following this, a second run was executed,
with utilization factors in the identified regions constrained to zero in the periods following
those that presented low utilization rates. This second run started from the results of the previous
one.

4.3.Results and discussion

Figure 5 illustrates that large-scale refineries in the South and RJ/MGJ/ES regions exhibit
utilization factors below 50% in 2025 and 2030, respectively, leading to their closure in
subsequent years. Moreover, the utilization factor of large-scale refineries in the N/NE/CO



region drops to zero by 2035. The SP region maintains a utilization factor above 80%, that is,

in fact the remaining sites are pushed to higher levels of utilization.

Additionally, modular mini refineries are installed in the South and N/NE/CO regions to help

meeting the demand.
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Figure 5. Utilization factor of Brazilian refineries.

Figure 6 shows that SVO co-processing is present from 2025 on in all regions where refineries
are operating, both for large-scale and for modular mini refineries. It is important to point out
that, the South and N/NE/CO regions, where small-scale refineries are installed, are also the

regions with more SVO availability.
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5. Final remarks

This work introduced the optimization procedure within ORION (QOil and renewables Refining
Industry Optimization and syNergies), a model designed for the analysis of the refining sector.
Furthermore, an illustrative application example was presented. The model novelty comes
mainly from the inclusion of opportunities like biomass co-processing in refining units and
investment in small-scale modular refineries. In addition, the model allows a two-step
optimization to identify refineries with low utilization factors and subsequently evaluate how
the industry responds to their closure. This feature is particularly useful in the context of energy

transition since a decline in fossil oil use is expected.

ORION is a flexible model that can be applied to various regions (countries, groups of
countries, or country regions), provided that the necessary data is available. It can accommodate
different refining schemes and campaigns, various types of crude oil, as well as oils derived
from biomass, and refineries of different scales (large-scale or modular mini). In addition, it
outputs a series of results which enable the analysis of: consumption of feedstocks; installed
and level capacities of processing units; consumption of utilities; CO> emissions; amount of
final products synthesized, traded inside the main region, and traded with external regions; and
costs with feedstocks, utilities, CAPEX, OPEX and trade, among others.

The case study showed that closures of refineries with low utilization factors — which happen
as demand for the final products of refineries decreases in decarbonization scenarios — do push
the remaining sites to higher levels of utilization. The installation of modular mini refineries is
a possibility for helping meet the demand as refineries are shutdown. In addition, biomass co-
processing is a possibility for both large and small-scale refineries, meaning that drop-in
products containing a proportion of renewable carbon can be obtained directly in refining sites.

This brief example shows that the ORION model is useful for understanding the evolution and
integration of the refining sector to energy transition strategies and helps evaluating risks —such
as that of stranded assets and closures of refineries — and opportunities — such as biomass co-

processing and small-scale refineries — associated with this industry.

Next steps of development of the model include: the addition of other biomass co-processing
options (e.g., other feedstocks sources and their use in other processing units, such as FCCs)
and additional possibilities for the refining sector to integrate with the chemical sector (e.g., the

production of ethylene, propylene and aromatics in refining units). This way, an even more



comprehensive understanding of the potentialities for the refining sector in decarbonization

scenarios will be possible.
A. Annex A: Model equations

In the following equations, X represents an amount of feedstock or utility; P represents an
amount of final product; In corresponds to a quantity inputted in a process unit; O is an output
quantity of a process unit; I and E represent, respectively, imported and exported quantities;

and Av corresponds to the availability of a feedstock.

The subscript rt represents the refinery type, that is, conventional large-scale or modular mini
refineries (CR or MR, respectively). k, j, i and n, correspond input feeds, process units,
intermediate products, and final products, respectively. pt corresponds to a type of product. er,

ir and t represent external regions, internal regions, and periods of time, respectively.

As the model is forecasted for future years, reference cost values are considered and brought to
the base year through the net present value method, being r the discount rate. CRF is the capital

recovery factor.

Other variables are described through the next sections, and a full nomenclature list can be

found in Annex C.
A.1. The objective function

A.1.1. CAPEX

(ISBLy¢ j+0SBLyt j)- AdACaDyt j it
(1+7r)t-to

CAPEX, = Zj,ir,t (A1)

In these equations, ISBL,; and OSBL, ; consist of the ISBL and OSBL costs related to the
unit j in the refinery type rt. AddCap;. ;. is the additional capacity of the process unit j in

the refinery type rt in each region ir and period t.

A.1.2. OPEX

1 (FOMy¢ j+VOM,y j)-LevelCapye i,
OPEXye = (Zjceumomyine (1+ oap) - ot O EREEMIIN) 4 OPEX, iy (A2)

In these equations, FOM,. ; and VOM,., ; consist of the fixed and operating costs related to the

unit j in the refinery type rt. LevelCap, j ;. is the capacity level of the process unit j in the



refinery type rt in each region ir and period t. OPEX, yypr is the OPEX associated with the

UHDT unit®.
A.1.3. Oil purchase cost (OPC)

Priceyityper = (0.002 - A °APlyysyperer — 0.056 - ASUlfUToiryperer) - PTiceres, (A.3)

1 Pricesiitype,t+FreightPriceiitype er,irt) Xrtoiltype,irt
OPC t = Z it ir t 1 + * ( 242 _ 24 ) YP (A.4)
T oiltype,ir, CRF (1+7)tto

In Equation A.3, for each period ¢, Price,;ype .+ represents the price of the crude oil of interest,
A °APlyiityperer aNd ASulfur,ey,erer are the differences between the properties of this
crude oil and of the reference oil, and Price,.f is the price of the reference oil. In Equation
A4, Priceyitype 1S the price of the representative oil as calculated in Equation A.3,
FreightPriceyjitype er,ir,c 1S the price of transporting this oil from external region er to internal
region ir in period t, and X;¢ oiieype,ir,¢ 1S the amount processed of this oil in refinery type rt in

the same region and period.

A.1.4. Biomass oil purchase cost (BIOPC)

(Pricebiotype,ira,t+F7"eightpricebiotype,irab,t)'Xrt,biotype,irb,t (A 5)
(1+47r)t-to

BIOPCry = Y, 1 (1 + L) '

CRF

In Equation A.5, Pricepiorype,ir,,: 1S the price of the biomass oil of interest in internal region
ity and in period t, FreightPricepotype,ir,,t 1S the price of transporting this oil to internal
region iry, in period t, and Xy¢ piotype,ir, ¢ 1S the amount processed of this oil in refinery type rt

in region iry,.

A.1.5. Fuel purchase cost (FPC)

FPCre = Bire(1+ =)
(A.6)

(Priceng,'XrenG,irt)+H(PTicerc ' Xrera,irt)+(PTicepo e Xre po,ire )+ (PTiceck et Xre.cK,irt)
(1+7)t-to

Considering an internal region ir and a period t, the total fuel purchase cost considers the prices

of natural gas, refinery gas, fuel oil and coke — respectively Priceyg ¢, Pricegg, Pricero,

5 See Section A.2.9 for its definition.



Pricecokes — and the corresponding consumed amounts in refinery type rt — Xp¢ngires

Xrt,RG,ir,trXrt,FO,ir,t and Xrt,CK,ir,t-

While refinery gas and fuel oil are consumed only by process units, and coke is exclusively
used in FCC and RFCCs, natural gas serves multiple purposes. It is utilized in cogeneration
units and boilers for steam production, as well as in hydrogen generation units. Therefore,
Xrene,ire 1S defined by the following equation:

XrenGirt = XrtNGeoG,irt T XreNGBoiter,irt T Xre.NGHGU ir ¢ (A7)
XrtNGeoG,irtr XreNGBoiler,ire aNd Xre ngHGu ire ar€, respectively, the amount of natural gas

consumed in cogeneration units, boilers and hydrogen generation units.

A.1.6. Electricity purchase cost (EPC)

1 Price "Xrt GE,ir,
EPCre = S (1+ ) - Crccsmcinanied (A8)

Considering an internal region ir and a period t, the total grid electricity purchase cost considers

the price of grid electricity, Pricegg ., and its consumed amount in refinery type rt, X;¢ gg ir.¢-

A.1.7. CO2 emissions cost (CO2C)

) (PriceCO2-CO2Emissions,t ;)
(147r)t-to

1
€026y = S, (1+ =

AP (A.9)

Considering an internal region ir and a period t, the total cost with CO, emissions is calculated
based on the CO; taxation price, PriceC0O2;, and its total emissions in refinery type rt,

CO2EMIisSions,¢ iy ¢.

A.1.8. Cost of internal trade of refining products (INTTRAD)

1 FreightPricen ir . t'Premir p.t
INTTRADrt = Zn,irab,t (1 + E) . ( (1+r)ta—bt0 ab ) (A-lo)

For every pair of internal regions ir,;, and a period ¢, FreightPricey, ;. , . is the freight price
of product n between regions a and b, and Py, i, 1S the amount of it which is transported

between the regions.



A.1.9. Cost of importing refining products (IMP)

_ 1 (FOBPricen t+FreightPricen erirt) Inerirt
IMP = Zn,er,ir,t (1 + ﬁ) (1+7)t=to (A-ll)

For an internal region ir, an external region er and a period t, FOBPrice, . is the free-on-board
price of the imported product n, FreightPrice, ;. IS the freight price for importing this

product and I, ¢, i ¢ IS the quantity which is imported.

A.1.10. Revenues from exporting refining products (EXP)

EXP = Snorire (1+ ) o el gnants (A12)

CRF (1+m)t=to

For an internal region ir, an external region er and a period t, FOBPrice, . is the free-on-board

price of the exported product n and E,, .. ;- + is the quantity which is exported.

A.1.11. Expansion costs for structures which enable external trade (CAPEXINFRA)

(CostAddInfrap:)-AddCapinfrape;
(14+r)t-to

CAPEXINFRA = Y., (A.13)

For a period ¢ and a product type pt, CostAddInfra,, is the cost of additional infrastructure

(e.g., harbors) needed for importing and/or exporting this kind of product, and

AddCapinfray, is the required additional capacity. For simplicity, three types of products

are considered: light (LPG, naphtha and gasoline), medium (kerosene, jet fuel oil, diesel, fuel

oil and heating fuel oil) and heavy (petroleum coke).
A.2. Constraints

A.2.1. Crude oil availability

Z Xrt,oiltype,ir,t = Avoiltype,t (A.14)
rtir

Given a type of crude oiltype and a period t, the sum of the amount processed in all refinery
types rt and considering all supply internal regions ir, X, oiitype,ir.e» Must be inferior or equal

to the availability of this crude in the period, Av,;i¢ype,t-



A.2.2. Balances of intermediate products, of streams and of final products

Art,ji 'Zkl Ntk jirt = Ortjiirt (A.15)

Ort,jiirt = Z Ny jiire (A.16)
j

Prenire = Z .Ort,j,i,ir,t (A.17)
1]

For a given refinery type rt, in an internal region ir and period ¢, in Equation A.15, a;;; is
the yield of the intermediate product i in the processing unit j, In,. x ; ;. is the quantity of input
feed k in the processing unit j and O, ; ; i, IS the quantity of intermediate product i outputted
by processing unit j. In Equation A.16, In, ;; ;. is the quantity of intermediate product i routed
to other units j. Finally, in Equation A.17, P, is the amount of final product n, and
Ortjiir,c 1S the amount of intermediate product i in the processing unit j which composes the

pool of n.

A.2.3. Capacity balances

Caprt,j,ir,to = CFrt,j,ir,tO ’ Nomcaprt,j,ir (A.18)

Capyejirexto) = CFrejirt - (N omCapy jir + Z AddCap,, j,ir,t) (A.19)
t

Levelcaprt,j,ir,t = Zklnrt,k,j,ir,t (A.20)

For a given refinery type rt, in an internal region ir and in the base year t0, CFy j ir¢o IS the
capacity factor of the process unit j and NomCap, ;. is its nominal capacity, defining the
available capacity, Cap, r o, according to Equation A.18. For future periods ¢, CFy j . IS
the capacity factor of the process unit j and AddCap, j ;r. is the additional capacity due to new
investments, which define the available capacity, Capy j ir,(xt0), @CcOrding to Equation A.19,
Finally, In,.y . is the quantity of input feed k in the processing unit j, which defines the

level capacity, LevelCap, j ;r, according to Equation A.20.



A.2.4. Demand for utilities

Steam
DEMrt,st,ir,t = Z 'SCrt,st,j,ir,t ' Levelcaprt,j,ir,t (A.21)
J
Pronpirt = DEMycppirt + EXCreppire, Prenpire 2 0, EXCreppire = 0 (A.22)
Prompire + EXCrepp it = DEMyt ypivt + EXCrempire, Prempire = 0,
(A.23)
Excrempire 2 0
Priipirt + EXCrempirt = DEMyt1pire, Prerpire =0 (A.24)

In Equations A.21 to A.24, for a given steam type st (high, medium, or low-pressure steam), a
given refinery type rt, in an internal region ir and period t, DEM,.; s ;¢ IS the total demand for
that type of steam, SCyr s j ir ¢ IS its specific consumption in process unit j, and LevelCap, j ir ¢

is the level capacity of the unit.

In Equation A.22, P,¢pypir. IS the total production of high-pressure steam, which must
encompass the demand for this type of steam and might also result in some excess amount,
ExCr¢ ypir,e- EQuation A.23 defines Py yp i as the total production of medium-pressure steam,
which, together with any available high-pressure steam excess — Exc,¢ yp i ¢ — Must encompass
the demand for this type of steam and might also result in some excess amount, Excy¢ pp,ir t-
Finally, Equation A.24 defines P, p ;. as the total production of low-pressure steam, which,
together with any available medium-pressure steam excess — EXCy¢ pp,ir,e — MUSt ENCOMPAsSs

the demand for this kind of steam.

Considering a refinery type rt, an internal region ir and a period t, the production of steam,
Pr¢seire In Equation A.25 below, comes either from cogeneration, SteamCOG, ¢ iy ¢, OF

boilers, SteamBoilers, ¢ s¢ i ¢

Pristire = SteamCOGy g ire + SteamBoilers,, s¢ ir ¢ (A.25)

SteamCOGy yp,irt = Xrenceog,irt " TUrbineEff - COGSteamEf f (A.26)

SteamBOilerrt,st,ir,t = Xrt,st,NGBoiler,ir,t ) BoilerEff (A-27)



Equation A.26 describes the cogeneration process, wWith X,¢ ngcog.ire 0€ING the amount of
natural gas used in cogeneration units, TurbineEff, the efficiency of the turbine, and
SteamEff, the steam production efficiency. Equation A.27 describes the boiler, with

Xrest.NGBoiler,ir,e DING the amount of natural gas consumed and BoilerEff | its efficiency.

Fuel

DEMrt,Fuel,ir,t = Z SCrt,Fuel,j,ir,t ’ Levelcaprt,j,ir,t (A.28)

j(£FCC,RFCC)
DEMrt,Fuel,ir,t = Xrt,FO,ir,t + Xrt,RG,ir,t (A-29)
Xrtpo,irt < Prero,ire — DeMpo irt (A.30)
Xrt,RG,ir,t = Prt,RG,ir,t (A-31)
DEM,¢ ck irt = SCrtck Fec,irt - LevelCaprypec irt
(A.32)
+ SCricxrrceire - LevelCapys rrce,irt
DEMrt,CK,ir,t = Xrt,CK,ir,t
Xreckirt = Preckirt — Demeg it (A.33)

Considering a refinery type rt, an internal region ir and a period t, DEM,¢ pyey ir ¢ IS the demand
for fuel, SCr-t pyer j,ir ¢ 1S the specific fuel consumption in the process unit j and LevelCap,.¢ j ir, ¢
is the level capacity of the process unit j. Xt ro ir ¢+ aNd X, rg ir ¢ are the quantities of fuel oil
and refinery gas used to meet fuel demand. P, ro i ¢ IS the amount of fuel oil produced, which
must encompass both the amount of fuel oil in refineries, X, ro ¢, and its requirement by
demand regions, Demgg ir¢. Prereir,e 1S the amount of refinery gas produced which must
encompass the amount required in refineries. DEM,.; c i . IS the demand for coke, SCyt ¢k j ir¢
is the specific fuel consumption in the process unit j (FCC or RFCC) and LevelCapy i IS
the level capacity of the same process unit. X, cx ir ¢ IS the quantity of coke used to meet fuel
demand. P, ck ir¢ IS the amount of coke produced, which must encompass both the demand for

coke in refineries, DEM,. ck ir ¢, and its requirement by demand regions, Demcy i+

Electricity

DEM;¢ prec,irt = Z ,SCrt,Elec,j,ir,t ) Levelcaprt,j,ir,t (A.34)
J



ElecCOG,¢ ¢ + ElecGridy g+ = DEMgioc vt sty » ElecCOGy iy <

(A.35)
LevelCap,icog,irt

ElecCOGs¢ = Xrtngeog,ire w TurbineEff - COGElecEff (A.36)

Considering a refinery type rt, an internal region ir and a period t, DEM,, gjec s ¢ IS the demand
for electricity, SCy¢ piec j,ir,e 1S the specific electricity consumption in the process unit j and
LevelCap, ;. is the level capacity of the process unit j. ElecCOG, . is the amount of
electricity produced by cogeneration and ElecGrid, ;. is the amount of electricity purchased
from the grid. Together, they must encompass the demand for electricity. Equation A.36
describes the cogeneration process, With X, nscog,ir,c D€ING the amount of natural gas used in

cogeneration units, TurbineEff, the efficiency of the turbine, and ElecEff, the electricity

production efficiency.

Hydrogen

DEMy ¢ y2ire = (2 jzunpT) SCrH2 jirt LevelCap,, j,ir,t)+DEMrt,H2,UHDT,ir,t (A.37)

Prinzire = DEMyt po irt (A.38)

Premoire = Qe ey * LevelCapye yey ire + Areuz,cru * LevelCapy cry it (A.39)

Considering a refinery type rt, an internal region ir and a period t, DEM, g ir+ IS the demand
for hydrogen, SCy¢ 2 i 1S the specific hydrogen consumption in the process unit j and
LevelCap, j ;. is the level capacity of the process unit j. DEM,; 42 yupr,ir.¢ 1S the demand for
hydrogen from the UHDT unit®. P, 4, ;- ¢ is the hydrogen production in refineries, a,; 2 ygu iS
the hydrogen yield in hydrogen generation units, LevelCap,¢ gy ir¢ 1S the level capacity of
these units, a,¢ ;> cry IS the hydrogen yield in catalytic reforming units and LevelCap,¢ cry ir ¢

is the level capacity of these units.
A.2.5. CO2 emissions

CO2Emissionsytir,e = XrenGeo,irt " EFne + st Xrestncpoiter,irt " EFng +

XrerGirt " EFre + Xrtpo,ire " EFro + Xreckirt " EFck + Xvtgeire " EFge + @renzncu - (A40)

LevelCap,, 16y i " EFnzproa

6 See Section A.2.9 for its definition.



For a refinery type rt, an internal region ir and a period t, total CO, emissions are given by the
sum of the amount of fuel or grid electricity consumed multiplied by the respective emission
factors, EF. Moreover, the amount of hydrogen produced in HGU units, defined by their level
capacity, LevelCap,ygu ire, Multiplied by the hydrogen yield, a,¢py,pey, must also be
multiplied by the emission factor related to CO2 emissions in this reaction, EFy;y,0q. This

accounts for process emissions in hydrogen production.
A.2.6. Quality specification of products

The model describes these specifications in terms of linear equations. This means that the sum
of the amount of each intermediate product i that composes the pool of a final product multiplied
by the evaluated property must be inferior, superior, or in-between required technical

specifications.

Prtpirt Pin < XijOrtjiire " 0ij O

Zi,j Ort,j,i,ir,t ) ei,j < Prt,n,ir,t ) .Bz,n or (A.4l)

Prtnirt * Bin < E ) .Ort,j,i,ir,t ) Hi,j < Premirt " Ban
L]

For arefinery type rt an internal region ir and a period t, O ; ; ;. is the amount of intermediate

product i outputted from the processing unit j which composes the pool of a final product n,

and 6; ; is the evaluated property for this intermediate product. Py, ;. is the amount of final

product nand f5; ,, and f3, ,, are required technical specifications for the property.

A.2.7. Demand for final products

Zirab PCR,n,L'rab,t"'Zirab PMR,n,irab,t + Ze In,e,irb,t = Ze En,e,irb,t + DEMn,irb,t (A-42)

For a given product n demanded by a given internal region iry, in a period t, Y., Pcrnirgt
and Yy, Purn,iry,: represent the total amount of internal trade of products coming from
conventional and modular mini refineries, respectively. It is important to observe that, when
the supply region is the same as the demand region (a = b), acquisition from own production
by the region is being represented. Y., I, o i, + represent the total imported amount of product
n, and Y, Ep eir,, ¢« FEPresent its total exported amount. Finally, DEM,, ;. ; is the demand for the

product.



A.2.8. Constraints on imports and exports

A.43
Ze,ir Ipt,e,ir,t +Ze,ir Ept,e,ir,t < Cap]nfrapt,t ( )

CapInfraye zto) = CapInfray. ., + AddCapInfra,,, (A.44)

For given internal regions ir and a given external region e in a period t, L, ¢ ir,c aNd Ept e iyt
are the imported and exported amounts of product type pt, respectively. As stated in section
A.1.11, pt represents one of three categories of oil products, light (LPG, naphtha, and gasoline),
medium (kerosene, jet fuel oil, diesel, fuel oil and heating fuel oil) and heavy (petroleum coke).

CapInfray., and CapInfra,.,_, are the infrastructure (e.g., harbor) capacity in periods t and
t — 1, respectively, and AddCapInfra,,, represents the added capacity in ¢, for t from t1 on.

It should be noted that CapInfra,, . is defined by the user.

A.2.9. Biomass co-processing

A.45
Pbiotype,ir,t +Zir Ibiotype,ir,t - Zir Ebiotype,ir,t = Zrt Inrt,biotype,UHDT,ir,t ( )
A.46
Inrt,biotype,UHDT,ir,t < Xpiotype ' Levelcaprt,UHDT,ir,t ( )
DEMrt,HZ,UHDT,ir,t =S Crt,HZ,UHDTF,ir,t ’ (1 - xbiotype) ) (A.47)
LevelCapytyupr,ir,: tSCrt,u2,unpts,irt * Xsvo * LevelCapys yupr,irt
1 (FOMrt,UHDTF + VOMrt,UHDTF) (1= xbiotype) " LevelCapyt yupr,irt
OPEXytyupr = 1+ CRF)’ (1 +7)t-to
(A.48)
n Z (1 1 ) . (FOMrt,UHDTB + VOMrt,UHDTB) * Xpiotype * LevelCap,tyupr,ir,t
. CRF (1+7)tt
S,

Given an internal region ir and a period ¢, Ppotype,ir, IS the biomass oil produced in the region,
Yir Iniotypebioirt  represents the biomass oil acquired from other regions,
Yir Epiotype,ir,t COIresponds to the biomass oil sent to other regions and Y.+ In,¢ piotype, unpT,ir, t
is the amount inputted in the UHDT units for all refinery types rt. In addition, xpiotype
represents the biomass oil mass fraction in the input feed of the UHDT units, and
LevelCap,¢ yupr,irc represents the level capacity of these units. DEMpy;, ¢+ yupr.ir,c r€Presents
the UHDT demand for hydrogen, while SCy g2 ynprrire aNd SCr¢ p2 ynprs,ir,e YEPresent the

specific consumptions associated with the operation with fossil and biomass feedstocks,



respectively. Similarly, FOM,; yyprr and VOM,; yyprr COrrespond to the fixed and variable
operating costs associated with this unit when operating with fossil feedstocks, while
FOM,¢ yuprg and VOM,.. yuprp are the costs associated with its operation with biomass as a

feedstock.

A.2.10. Modular mini refineries

AddC apmr.apv,ire = N * TypCapygr apu (A.49)

For a given supply region ir and period t, AddCapuyr apu ir, 1S the additional capacity due to
new investments of atmospheric distillation units in modular mini refineries (MR). This
capacity is equal to the number of units, N, multiplied by the typical capacity of this kind of

unit, TypCapyr apy- N is defined in the model as a positive integer variable.
B. Annex B: Data used in the case study

This Annex presents the main data used in the definition of the case study presented in Section

4, and follows the categories presented in Table 1.
B.1. Number of regions

Table B.1. Number of internal and external regions.

4 (South region (S); Rio de Janeiro Minas Gerais and Espirito
Santo states (RJ/MGJ/ES); Sao Paulo state (SP); North, Northeast
and Midwest regions (N/NE/CQ))

Number of external | 6 (United States (USA), Central America (CA), Western Europe
regions (WE), Middle East (ME), Africa (AF) and Asia-Pacific (AP))

Number of internal
regions

B.2. Crude oil definition

Table B.2. Crude oil types, availability, and properties.

Availability (Mt/year) | API gravity | Sulfur content (Yowt)
Light 10.2 58.16 0.04
Medium 26.0 33.32 1.71
Heavy 90.0 26.90 0.44

Source: [23], [24] as cited in [6].



Table B.3. Reference crude oil (Brent) FOB price and growth rates.

Brent Price (base year)
and growth rates
referenced to the base
year (other years)

2015 64.2 USD2o1s/bbl
2020 10.8 %
2025 21.6 %
2030 324 %
2035 32.4%
2040 32.4%

Source: [25], [26].

Table B.4. Crude oil freight prices.

Crude oil freight prices (USD2o15/bbl)

S N/NE/CO | RJ/MG/ES | SP

Light | 3.80 3.80 3.80 3.80

Medium | 5.60 5.60 5.60 5.60
Heavy | 0.56 0.75 0.14 0.19

Source: [11], [12], [27] as cited in [6].

B.3. Renewable oil definition

Table B.5. Soy SVO availability and growth rates.

Availability (base year) and growth rates
referenced to previous period
S N/NE/CO | RI/MG/ES SP
2015 | 0.90 Mt | 1.45 Mt 0.12 Mt 0.07 Mt
2020 | 22.3 % 60.7 % 47.9 % 51.2 %
2025 | -200% | -8.75% -20.0 % -20.0 %
2030 | -125% | -23.3% -12.5% -12.5%
2035 0 0 0 0
2040 0 0 0 0

Source: [28],

[29].

Table B.6. Reference soy SVO price and growth rates.

Price (base year) and
growth rates referenced
to previous period
(other years)
2015 900 (USD2015/t)
2020 5.6 %
2025 53%
2030 -
2035 -
2040

Source: [30],

[31-].




Table B.7. Soy SVO internal freight prices.

Internal freight prices (USD2o15/t)*
S | N/NE/CO | RI/MGI/ES | SP
S 0 18 8 4.7
N/NE/CO | 18 0 10.7 13.3
RIMGIES| g 10.7 0 2.7
SP 4.7 13.3 2.7 0
Considered the same as for refining products.

Source: [27] as cited in [6].

Table B.8. Maximum SVO in the UHDT unit feed.

Maximum SVO in the UHDT feed (wt%) | 25 |

B.4. Refining operations definition

Table B.9. Process units’ capacities in the base year.

Base year capacities (Mt/year)*

S N/NE/CO | RI/MG/ES SP
ADU 224 25.8 214 47.2
VDU 7.3 7.0 11.0 21.3
DSP 1.7 0.0 2.3 2.3
NHDT 0.0 0.1 0.4 4.0
CRU 0.3 0.3 0.6 2.3
KHDT 0.0 0.0 1.8 2.0
DHDT 7.0 5.5 5.9 12.2
FCC 4.8 2.2 4.7 13.2
RFCC 2.4 4.6 0.0 1.0
HCK 0.0 0.0 0.0 0.0
GHDS 4.7 4.8 4.5 7.2
ALK 0.0 0.0 0.0 0.3
COK 2.5 3.9 2.9 7.2
UHDT 2.8 3.0 2.7 6.1
HGU 1,376.3 1,785.0 15214 3,300.0
COG 103.9 68.9 120.5 217.2

'Except for HGU: MNm?®/year and COG: MW

Source: [32], [33] as cited in [6].




Table B.10. Refining costs.

CAPEX OPEX
(USD2o15/(t/year))'? (USD2015/t)%*
ADU 74.4 3.0
VDU 41.7 1.7
DSP 61.8 2.5
NHDT 56.6 2.3
CRU 114.4 4.6
KHDT 56.6 2.3
DHDT 56.6 2.3
FCC 189.4 7.6
RFCC 189.4 7.6
HCK 253.0 10.1
GHDS 83.3 3.3
ALK 446.4 17.9
COK 208.3 8.3
UHDT, F° 142.9 5.7
UHDT, S® 142.9 6.3
HGU 0.19 0.01
COG 1.94 0.08

YISBL = OSBL, ISBL+0OSBL = CAPEX

2Except for HGU: USD/(Nm?®/year) and COG: 10® USD/MW
SFOM=VOM, FOM+VOM = OPEX
“Except for HGU: USD/Nm? and COG: 10° USD/MWyear
®Data related to the UHDT unit when operating with fossil

feedstock.

®Data related to the UHDT unit when operating with SVO as

feedstock.

Source: [12], [34] as cited in [6].

Table B.11. Yields of the ADU.

Diesel campaign (mass basis) (%) | Naphtha campaign (mass basis) (%)
Light Medium | Heavy Light Medium Heavy
Refinery gas 0.04 0.06 0.03 0.04 0.06 0.03
LPG 3.00 1.83 0.27 3.00 2.00 1.50
LSRN 11.96 5.00 3.00 17.00 12.00 9.00
HSRN 11.00 5.00 3.00 14.80 11.94 10.00
Kerosene 4.00 2.00 1.00 5.00 4.00 3.00
Diesel 32.00 34.00 36.73 28.00 30.00 34.03
AGO 21.00 25.00 26.00 17.16 18.00 16.50
ATR 17.00 27.11 29.97 15.00 22.00 25.94
Source: [23], [24], [35], [36] as cited in [6].
Table B.12. Yields of the VDU.
Yields (mass basis) (%0)
Product Light | Medium | Heavy
LVGO 37.57 17.68 30.10
HVGO 18.78 26.22 34.95
Vacuum Residue | 43.65 56.10 34.95

Source: [23], [24], [35], [36] as cited in [6].




Table B.13. Yields of other units.

Yields (mass basis) (%0)

FCC RFCC HCK ALK CRU COK
Refinery 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 oil 17.0 18.0 - - - -
Light gasoil - - - - - 40.0
Heavy gasoil - - - - - 14.0
Slurry oil 12.0 13.0 13.8 - - -
Coke 4.0 4.0 - - - -
Source: [23], [24], [35], [36] as cited in [6].
Table B.14. Specific consumption of utilities.
HP MP LP Electricit Fuel Ha
(Sl\t/‘f% ?,fj% (Sl\t/‘f% (kWh/t)y M) | (Nm¥t)
ADU 222.7 4.4 933.8
VDU 167 7 636.8
DSP 79.37 14.71 772.06
FCC -328.8 404.8 -71.4 64.7 2705.9
RFCC -369.9 7.4 2705.9
ALK 1821.9 221 1161.8
CRU -320.6 735 2808.8 | -352.9
COK -372.5 26.5 926.5
GHDS 61.7 14.7 772.1 29.41
NHDT 61.7 14.7 772.1 51.47
KHDT 82.2 221 1161.8 125
DHDT 82.2 221 1161.8 250
UHDT,F! | 102.8 44.1 15515 310.7
UHDT,S? | 102.8 44.1 1551.5 714.6
HGU -0.08 - - 8.09 18.4 -1.47
!Data related to the UHDT unit when operating with fossil feedstock.
2Data related to the UHDT unit when operating with SVO as feedstock.

Source: [35], [36], [37], [38] as cited in [6].

Table B.15. Prices of fuels and electricity.

Fuel/Electricity Price
Natural gas (USD/MMBtu) | 14.2
Electricity (USD/kWh) 0.2

Source: [39], [40].




Table B.16. CO, emission factors.

Fuel/Electricity/Process

Emission Factor

Natural gas (tCO2/TJ) 56.1
Refinery gas (tCO2/TJ) 57.6
Fuel Oil (tCO2/TJ) 77.4
Coke (tCO2/TJ) 97.5
Electricity (tCO2/MWh) 0.1244
Hydrogen production
from natural gas 5.0

(tCO2/tH2)

Source: [41], [42] as cited in [6].

Table B.17. CO2 taxation price.

| CO:> taxation price |

Not used in this example

B.5. Modular mini refineries definition

Table B.18. Process units’ capacities in the base year.

Base year capacities (Mt/year)*

S N/NE/CO | RIJ/MG/ES SP
ADU 0.0 0.0 0.0 0.0
VDU 0.0 0.0 0.0 0.0
NHDT 0.0 0.0 0.0 0.0
CRU 0.0 0.0 0.0 0.0
KHDT 0.0 0.0 0.0 0.0
DHDT 0.0 0.0 0.0 0.0
FCC 0.0 0.0 0.0 0.0
GHDS 0.0 0.0 0.0 0.0
UHDT 0.0 0.0 0.0 0.0
HGU 0.0 0.0 0.0 0.0
COG 0.0 0.0 0.0 0.0
'Except for HGU: MNm?®/year and COG: MW

Table B.19. Typical small-scale ADU capacity.

Typical small-scale
ADU capacity
(Mt/year)

1.0

Source: [10].




Table B.20. Refining costs.

CAPEX

(USDsows/(tlyear))23 OPEX (USD2015/t)*°
ADU 17.9 0.72
VDU 12.4 0.50
NHDT 26.8 1.08
CRU 69 2.76
KHDT 33.8 1.36
DHDT 33.8 1.36
FCC 55.8 2.24
GHDS 50.8 2.04
UHDT 85.8 3.44
HGU 0.1 0.004
COG 1.0 0.04
'ISBL = OSBL, ISBL+0OSBL = CAPEX
2Except for HGU: USD/(Nm?®/year) and COG: 106 USD/MW
3Costs estimated using a scale factor law and the costs of
large-scale units.
‘FOM=VOM, FOM+VOM = OPEX
SExcept for HGU: USD/Nm? and COG: 10° USD/MWyear

B.6. Intermediate products definition

Table B.21. Properties of streams that compose the gasoline pool.

Streams to Sulfur content (%wt) | Density (kg/m3)! | Octane number?
gasoline pool
GHDS Gasoline 0.005 761 —762.2 111.6 -111.7
GHDS Bypass 0.009 750.2 111.3
CRU Gasoline 0.005 796.2 — 809.1 105.1 - 106.8
CRU Bypass 0.005 746.3 — 786.2 89.2 -93.8

The use of value ranges occurs when different types of crude oil lead to different values of the

property.

Source: [11], [12].

Table B.22. Properties of streams that compose the kerosene pool.

Streams to Sulfur content
kerosene pool (Yowt)?
KHDT Kerosene 0.001
KHDT Bypass 0.02-0.7
HCK Kerosene 0.03

The use of value ranges occurs when different
types of crude oil lead to different values of the

property.

Source: [11], [12].




Table B.23. Properties of streams that compose the jet fuel pool.

Streams to jet fuel

Sulfur content

pool (Yowt)*
KHDT Kerosene 0.001
KHDT Bypass 0.02 -0.7
HCC Kerosene 0.03

property.

The use of value ranges occurs when different
types of crude oil lead to different values of the

Source: [11], [12].

Table B.24. Properties of streams that compose the diesel pool.

Strearr;)sogcl) diesel | gifur content (%wt)! | Density (kg/m3)! | Cetane number?!
KHDT Kerosene 0.001 775.2—-815.7 53.9-555
KHDT Bypass 0.02-0.74 791.1 -831.9 53.9 - 55.5
DHDT Diesel 0.001 817 — 834.7 61.6 - 64
DHDT Bypass 0.03 _ 3.59 841 _874.1 59.3_ 62.8
HCC Diesel 0.03 818.3 -831.3 73.9
UHDT Diesel 0.001 859.8 64 —67.5
FCC LCO 04-29 874.9 — 887.3 20.4 —20.6
RFCC LCO 04-29 874.9 — 887.3 20.4 - 20.6
UHDT HVO 0.00035 851.8 96.2

The use of value ranges occurs when different types of crude oil lead to different values of the

property.

Source: [11], [12].

Table B.25. Properties of streams that compose the fuel oil pool.

Streams to fuel oil Sulfur content
pool (Yowt)!
UHDT Fuel Oil 0.5
UHDT Bypass 06-1

The use of value ranges occurs when different
types of crude oil lead to different values of the

property.

Source: [11], [12].

B.7. Final products definition

Table B.26. Required properties for final products.

. . Minimum | Minimum
Maximum sulfur Density range
content (%owt) (kg/m?3) octane cetane
number number
Gasoline 0.005 689 — 775 85
Kerosene 0.06 - -
Jet fuel 0.06 - -
Diesel 0.001 815 - 850 - 48
Fuel oil 3.5 - -

Source: [43] as cited in [6].




Table B.27. Demand for products in the base year.

Demand for products in the base year
(Mt/year)

S N/NE/CO | RI/MG/ES SP
LPG 1.35 2.90 1.35 1.87
Naphtha 1.95 3.38 1.56 2.08
Gasoline 4.84 8.39 3.93 5.29
Kerosene | 0.0004 0.0019 0.0013 0.0025
Jet Fuel 0.41 1.83 1.22 2.44
Diesel 9.66 10.86 7.38 18.78
Fuel Oil 2.62 3.03 2.48 5.51
Heating
Fuel Oil 0.30 0.30 0.30 0.61
Coke 0.90 1.91 0.90 1.20

Source: [21], [22] as cited in [6].

Table B.28. Demand for products growth rates.

Demand for products growth rates based on previous period (%)
2020 2025 2030 2035 2040
LPG -1.88 -5.87 -15.24 -6.85 -8.09
Naphtha | 12.14 14.0 10.02 9.82 9.08
Gasoline | -1.96 -5.77 -15.28 -6.83 -8.06
Kerosene | 0.00 0.00 0.00 0.00 0.00
Jet Fuel -8.15 -8.87 -9.53 -10.76 -12.06
Diesel 4.26 -12.76 -33.52 -13.71 -16.10
Fuel Oil 4.99 -17.25 -4.81 -5.32 -4.68
Heating
Euel Oil 4.61 -16.98 -5.30 -4.80 -5.04
Coke 4.27 -4.48 -3.06 -3.16 -5.22
Source: [21], [22] as cited in [6].
Table B.29. Final products internal freight prices.
Internal freight prices (USD2o1s/t)*
S | N/NE/CO | RJ/MGI/ES | SP
S 0 18 8 4.7
N/NE/CO | 18 0 10.7 13.3
RJMG/ES| 8 10.7 0 2.7
SP 4.7 13.3 2.7 0

petroleum products.

To simplify the calculation of national freight, only the
pipeline modal was taken into account, despite the
existence of other transportation modes in Brazil.
Additionally, the freight cost was kept constant for all

Source: [27] as cited in [6].




Table B.30. Final products FOB import/export prices in the base year and growth rates.

Growth rates based on previous period (%)
FOB
import/export
prices for
final products 2020 2025 2030 2035 2040
in the base
year

(USD2o15/year)
LPG 214.79 11 64 71 76 79
Naphtha 451.67 11 61 70 79 97
Gasoline 528.67 11 64 71 76 79
Kerosene 506.92 6 30 37 44 47
Jet Fuel 506.92 10 51 59 70 71
Diesel 493.48 6 30 37 44 47
Fuel Qil 431.33 16 73 85 100 103
Heating
Euel Oil 431.33 6 48 57 68 70
Coke 56.08 16 73 85 100 103

Source: [44], [45] as cited in [6].
Table B.31. Final products import freight prices.
Import freight prices (USD2o15/t)*
USA CA WE AF | ME | AP
All 20.05| 20.05 33.45 25.62 |40.47 | 45.37
products

IShipping costs from the oversea regions of the model to the internal
regions. To simplify, the costs of an oversea region are the same,
regardless of the Brazilian demand region.

Source: [12] as cited in [6].

Table B.32. Information on infrastructure for final products transport.

Installed capacity — Expansion costs
base year (Mt/year) (USDz201s/(t/year))
Light 115 65
products
Medium 24 65
products
Heavy 75 65
products

Source: [32], [46], [47] as cited in [6].

B.8. Economic settings

Table B.33. Discount rate.

| Discount rate (%) |

10

Source: [48] as cited in [6].




C. Annex C: List of variables and subscripts
C.1. List of variables

AddCap: additional capacity of a process unit

AddCapInfra: additional capacity of infrastructure for external trade
Av: feedstock availability

BoilerEf f: efficiency of boilers for steam production

Cap: available capacity of a process unit

CAPEX: capital expenditures

CAPEXINFRA: capital expenditures of structures that enable external trade
CapInfra: available capacity of infrastructure for external trade

CF: capacity factor of a process unit

C02C: COz emissions costs

CO2Emissions: amount of CO2 emissions in refineries
COGElecEf f: efficiency of cogeneration for electricity production
COGSteamEf f: efficiency of cogeneration for steam production
CostAddInfra: cost of additional infrastructure for external trade
CRF capital recovery factor

Dem: demand for a utility or a final product

E: exported amount of a feedstock or a final product

EF: emission factor

ElecCOG: amount of electricity produced by cogeneration

ElecGrid: amount of electricity purchased from the grid

EPC: electricity purchase costs

Exc: excess amount of a utility

EXP: revenues with exports of final products

FOBPrice: free-on-board price of a product

FOM: fixed operating costs

FPC: fuel purchase costs

FreightPrice: price of transporting a feedstock or product between regions
I: imported amount of a feedstock or a final product

IMP: costs to import final products

In: amount inputted in a process unit



INTTRAD: costs related to internal trade of final products
ISBL: inside battery limits costs

LevelCap: capacity level of a process unit

N number of atmospheric distillation units in modular mini refineries
NomCap: nominal capacity of a process unit

0: amount outputted from a process unit

OPC: oil purchase costs

OPEX: operating expenditures

OSBL: outside battery limits costs

P: amount produced of a feedstock, a utility, or a final product
Price: price of a feedstock or utility

PriceCO?2: price of CO2 emissions

r: discount rate

SC: specific consumption of a utility in a process unit
SteamBoilers: amount of steam produced by boilers
SteamCOG: amount of steam produced by cogeneration
BIOPC: straight vegetable oil purchase costs

t: periods of time

TurbineEf f: efficiency of turbines

TypCap: typical capacity of units

VOM: variable operating costs

x: mass fraction

X: amount consumed of a feedstock or a utility

Z: objective function

a: product yield

B: technical specifications for properties of final products

A °API: difference of API gravity between two types of oil
ASulfur: difference of sulfur content between two types of oil

6: properties of intermediate products
C.2. List of subscripts

biotype: biomass oil type (SVO, UCO, animal fats etc.)
CK: coke



CR: conventional large-scale refineries

CRU: catalytic reforming unit

Elec: electricity

er: external regions

FO: fuel oil

Fuel: fuel

GE: grid electricity

H?2: hydrogen

HGU: hydrogen generation unit

HP: high-pressure steam

i: intermediate products

ir: internal regions

J: process units

k: input feeds

LP: low-pressure steam

MP: medium-pressure steam

MR: modular mini refineries

n: final products

NG: natural gas

NGBoiler: natural gas used in boilers

NGCOG: natural gas used in cogeneration
NGHGU: natural gas used in hydrogen generation units
oiltype: crude oil type (light, medium or heavy)
pt: product type (light, medium or heavy)

ref reference crude oil

RG: refinery gas

rt: refinery type (CR or MR)

st: steam type (HP, MP or LP)

t: periods of time

UHDT: hydrotreating unit for unstable products
UHDTB: hydrotreating unit for unstable products operating with biomass feedstocks

UHDTF: hydrotreating unit for unstable products operating with fossil feedstocks
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