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ABSTRACT

Refinery Linear Programming (LP) Models and other mathematical techniques for
optimization have evolved over many years to create solutions for complex crude oil
blending problems. The objective of this case study was to develop a mathematical
single period programming model to simulate blending problems to ensure the greatest
possible revenue is generated. The yield of products at a refinery, given stringent
environmental regulations on product qualities, the reducing availability of quality light,
sweet, feedstock make refinery optimization a significant exercise to perform in order to
stay in business. In this work a representation of a case study refinery model was
presented, in which the overall gross profit margin, density, and sulphur content of the
products were calculated, and evaluated to ensure they fall within the market
specification and demand. The model is also able to predict operating variables like the
cut-point temperatures in the Crude Distillation Unit which will result in the best outcome
for the given scenario. The model formulation is illustrated, scenario based evaluations
performed, and results discussed.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

The objective of any business is to create the greatest economic return on the owner’s
investment, whilst doing so in a sustainable manner. The objective of any oil refinery is
process crude oil into higher value products which can be sold to the market at the
lowest possible cost, to create the greatest profit whilst satisfying government policy and

regulation on quality and its impact on the environment.

The global oil demand for the year 2011 was estimated to be 87.8 million barrels per
day and is forecasted to reach 104.2 million barrels per day by 2030. This increase in
demand will mean additional refining capacity will need to be built throughout the world,
but more so in developing countries where the demand will be increasing more
exponentially. (OPEC, 2012)

Refineries convert crude oil into marketable petroleum products of high value which are
used throughout the world in everyday life such as liquefied petroleum gas, petrol, and
diesel. Various physical and chemical methods are used in the refining process such as
heat, pressure, and catalysts under widely varying process designs to convert this crude
oil into petroleum products (Gary et al, 2007).

Modern refinery operations can become very complex due to the vast array of feedstock
sources, qualities, sophisticated processing technology, and increasingly stringent
product specifications. What adds to the complexity of this is that many of the various
processing units and products are interrelated. This of course makes making economic
decisions at the refinery very difficult as individual processes cannot be evaluated in
isolation, as they have interrelated effects on the rest of the refinery.

The main objective of this study is to create a mathematical model to represent the
major processes in the refinery relating to the production of petrol, diesel and jet fuel,
and to analyze the economic result of this. The linear programming approach is to

14



develop a set of equations, and an objective function to represent the economic
evaluation of the problem. The set of equations define a feasible region that has an
infinite number of solutions. The objective function is used to assign a relative value to
each solution and the linear programming solution the best or optimal solution (Gary et
al, 2007). This representation includes different crude oil assays, process units, product
blending, and crude oil flow rates.

Refiners typically use linear programming models because they solve quickly, are
relatively easy to maintain, and provide sufficient accuracy for economic decision
making. The model developed has gone further and has included the CDU cut-point

temperature optimization.

15



1.2 Research Objectives

The overall objectives of this study is to determine the best strategy for a refinery to
meet final product quality specifications by the influence of crude oil blending while
increasing desired production levels with minimal overall cost maximizing the gross

profit.

To determine a graphical region where the case study refinery meets these

specifications.
A linear programming model will then be used to evaluate different operational
scenarios to evaluate how the refineries gross profit changes by varying crude oll

participation in a blend, CDU cut-point temperatures, and overall product quantities.

A sensitivity analysis will be performed to evaluate which variables have the greatest

impact.

16



1.3 Report Layout

CHAPTER 1:

CHAPTER 2:

CHAPTER 3:

CHAPTER 4:

CHAPTER 5:

INTRODUCTION

This chapter addresses the latest issues in the petroleum refining
industry and provides a motivation for research. It states the
research objectives, and the organization of the research report.

LITERATURE REVIEW

This chapter provides a background about the petroleum refining
industry and describes the major processing units and their main
functions. It also represents a review of previous studies relating to
the topic of research. This chapter also provides the basis of what
the market demand is, and the individual product specifications, the
crude oil costs, utility and maintenance costs, and product selling

prices.

MATHEMATICAL MODEL FOR REFINERY OPTIMIZATION

This chapter represents the processing units, their quality and
productivity yields within the refinery. The overall refinery model is
developed through simultaneously connecting the processing unit
models with their properties blended.

RESULTS AND ANALYSIS
This chapter involves discussion and analysis of the results

obtained from the scenario simulations.
CONCLUSIONS AND RECCOMENDATIONS.

This chapter provides the major behavior that can be concluded
from using the model, and ways to better the model.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Refining is a unique and critical link in the petroleum supply chain from the wellhead to
the pump. Petroleum refineries are large scale manufacturing facilities which are
extremely capital intensive, which utilize complex processing schemes that take years
to design and build. They transform crude oil into a variety of valuable marketable

products which are vital to the lives we currently live today such as:

Liquefied Petroleum Gas

* Petrol or Gasoline

* Jet Fuel

* Kerosene

* Diesel Fuel

* Lubricating oils and waxes

* Fuel QOil (used for power generation or as marine fuel)

* Asphalt (for paving and roofing uses)

The highest value products are without a doubt transportation fuels like petrol, diesel,
and jet fuel, however there are many other lower value products like fuel oil and asphalt
that still add to the gross profit. Many of these refined products are available are

produced in multiple grades to meet different quality specifications.

18



2.2 Chemical Constituents of Crude Oil

In order to gain a proper understanding of this area of research one must understand
the fundamentals of what is being refined: Crude Oil.

Millions of years ago, dead organic matter was deposited in areas of the earth, trapped
by rock formations under high pressure and temperature, the organic matter was
transformed into the crude oil we have today.

Each crude oil is unique and is a complex mixture of thousands of compounds. Most of
the compounds in crude oil are hydrocarbons (organic compounds composed of carbon
and hydrogen atoms). Other compounds in crude oil contain not only carbon and
hydrogen, but also small (but important) amounts of other elements most notably
sulphur, as well as nitrogen and certain metals like nickel and vanadium. (Nadkarni,
1991.)

The heavier (or more dense) the crude oil, the higher its C/H ratio. Due to the chemistry
of oil refining, the higher the C/H ratio of a crude oil, the more intense and costly the
refinery processing required to produce given volumes of gasoline and distillate fuels.
Thus, the chemical composition of a crude oil and its various boiling range fractions
influence refinery investment requirements and refinery energy use, the two largest
components of total refining cost. The proportions of the various hydrocarbon classes,
their carbon number distribution, and the concentration of different elements in a given
crude oil determine the yields and qualities of the refined products that a refinery can
produce from that crude, and hence the economic value of the crude. Different crude
oils require different refinery facilities and operations to maximize the value of the
product slates that they yield (ICCT, 2011).

Analyzing a crude oil can be done by reading the full description of a crude oil assay
where many components and properties may be assessed, however two properties are
especially useful for classifying and comparing crude oils namely the API gravity (which
is essentially the density) and the sulphur content.

19



2.2.1 API Gravity

API Gravity is a measure of heavy or light the crude oil is compared to water. Lighter
crudes contain higher quantities of smaller molecules which are easy to process into
products like transportations fuels of which the demand is high, and continually growing.
Heavy crudes contain higher quantities of larger molecules which will need a higher
intensity (and more costly) level of processing to convert into high value products like
transportation fuels. These types of crudes typically will yield higher amounts of lower
value products like asphalt and fuel oil. Generally speaking, the lighter the crude is, the
higher the market price will be for it.

API Gravity is expressed in degrees (°API) and varies inversely with the actual density.

Figure 2.1 shows the constituents of typical light crude with 35° API gravity compared to
typical heavy crude with 25° API gravity. It also shows the typical product demand in
developed countries. It is important to note that for both light and heavy crude oils the
demand for heavy oil products is less than the originating crude oils which mean oll

refineries will at least need to be able to convert some heavy distillates into lighter

products.
100% .
80%
60% m Light Gas
’ ™ Gasoline
40% Distillate
Heavy Oils

20%

0%

Light Crude Heavy Crude Products

Figure 2.1: Typical natural yields of light and heavy crude oils. (ICCT, 2011)
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2.2.2 Sulphur Content

Sulphur content in crude oil is one of the most significant parameters to refiners. Very
high sulphur crudes can reduce the effectiveness or even deactivate catalysts that
speed up desired chemical reactions in certain refining processes, causes damage to
refinery piping, and equipment via corrosion, and lead to air emissions of sulphur
compounds which are undesirable and be subject to stringent regulatory controls. The
corrosive environment usually become more pronounced where refining occurs at

higher temperatures and pressures. (Duissenov, 2012)

As a result refineries will need to be able to process the crude oil such that enough
sulphur is removed to mitigate these unwanted effects whilst meeting end product

sulphur limitations.

Sulphur content is usually expressed in weight percent (wt%) or by parts per million
(ppm). Low sulphur crudes are generally referred to as sweet if the sulphur levels are
less than 0.5 wt%, and high sulphur crudes are referred to as sour if they are above this
threshold. As the boiling point of the crude increases, generally the sulphur wt% of the

fraction also increases. Table 2.1 summarizes the crude oil classification.

Table 2.1: Crude oil classes (ICCT, 2011)

Property Range

Crude Oil Class Gravity Sulfur

(°API) (wt.%)
Light Sweet 35-60 0-0.5
Light Sour 35-60 >05
Medium Medium Sour 26-35 0-1.1
Medium Sour 26-35 >1.1
Heavy Sweet 10-26 0-1.1
Heavy Sour 10-26 >1.1
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As the years go by, the average quality of the global crude oil slate has been gradually
declining. Average API gravity has been decreasing slowly, and the average sulphur
content has been increasing. A trend that is likely to continue for the foreseeable future
as reserves of light and sweet crude are being diminished exponentially quickly. This is

illustrated in Figure 2.2, showing the forecasted reduction of crude quality.

(=) °API, (=) Sulfur [wt%]

34.0 r 1.30
33.5 4

- 1.20
33.0 — T —
32.5 + 1.10
32.0

- 1.00
3.5 +
31.0 w w 0.90

2008 2010 2015 2020 2025 2030

Figure 2.2: Graph of °API and sulphur content vs time (ICCT, 2011).
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2.3 Refinery Processing

Figure 2.3 shows a very complex refinery which processes a variety of crude oll
producing a range of quality fuels.
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Figure 2.3: Schematic flow chart of a complex refinery (OTM, 2013)

Refineries have the ability to change the operating conditions of each of the processing
units, enabling it to change the volume and quality of the products manufactured in
order to meet the current market demand, and quality regulations. They will also need to
change the configuration in order to adapt to changing crude oil blends that are

available to be processed.
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Refinery operations essentially fall into four categories (Alhajri, 2008):

1) Fractionation involve in separating crude oil, in atmospheric and vacuum distillation,

into different hydrocarbon groups, or fractions.

2) Conversion processes:

A. Cracking (thermal and catalytic) involve in breaking large and heavy hydrocarbon
molecules into smaller ones. Cracking can be achieved either through the application of
heat (delayed coking) or by catalysts (FCC).

B. Rearrangement involve in restructuring the molecule and producing a new molecule
with different characteristics, but the same number of carbon atoms (catalytic reforming

and isomerization).

C. Combination involve in linking molecules together to form a larger molecule

(alkylation and polymerization).

3) Treating processes involve in preparing streams for additional processing, and
removing impurities like sulphur compounds (hydro treating).

4) Blending is used to get the final product, and it considers as the last phase of the

refining process.

A more detailed description of the process units involved in the model represented by

the case study refinery will follow.
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2.3.1 Crude Distillation Unit

The Crude Distillation Unit (CDU) is the first major refining process in any refinery,
regardless of the different types of crude processing units that follow downstream. The
function of the CDU is to separate the crude oil into different fractions or streams which
is categorized by the boiling or cut-point temperatures ranges based on their volatility or
their ability to move into a gaseous state. Crude oil is heated up by a furnace and
pumped into the CDU so the process may start. As the boiling point of different
hydrocarbon molecules are reached, the vapors condense and the relevant streams of
different crude fractions are pumped to the next relevant unit in the refinery for further
processing. Light fractions are collected through atmospheric distillation whilst heavier
fractions are collected in a vacuum tower at a lower pressure due to their higher boiling
point ranges. Varying the cut point temperature will of course vary the distillation
volumes in each stream and their properties. The CDU is illustrated in Figure 2.4.

wp- Refinery gases
H Bottled gas

*Gasc ine (petrol)
5 to 9 carbon atoms
Fuel for cars

Small molecules
ow boiling point
very volatile
flows easily
ignites easily

wip Maphtha

Making chemicals

mip Kerosene

10 to 14 carbon atoms
Aircraft fuel

* Diesel oil
14 to 20 carbon atoms
Fuel for cars, lorries, buses

Large molecules
high boiling point

not very volatile
does not flow
easily does not
ignite easily

Heated »

caude oi

Hot (350C)

Figure 2.4: lllustration of crude distillation unit operation (EB, 2013)

wip- Lubricating oil
10 to 20 carbon atoms
Lubricating parts in machinery,
vehicles etc.

= Fuel oi
15 to 22 carbon atoms
Fuel for ships, power stations

ufpp- Residue

Bitumen for roads and roofs
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2.3.2 Fluid Catalytic Cracking Unit

Fluid Catalytic Cracking Unit (FCCU) is a form of conversion, which “Crack” or
breakdown high-boiling point hydrocarbon molecules which are generally low in demand
and therefore low in economic value into smaller, lighter molecules which are suitable
for processing and blending into streams to be used with other low-boiling point high
value products. This enables the refinery to increase its yields of high value
transportation fuels, provide flexibility for maintaining light product output in terms of
fluctuations in the crude oil price. The FCCU unit makes use of a catalyst which is a
material that speeds up the chemical reaction, without itself being involved in the
reaction. Major yields from this process favor light petrol and LCO diesel, and also

include heavy petrol and LPG. (Dechamps, 2013)

Table 2.2: FCCU volumetric flow yield parameters

Fluid Catalytic Cracking Unit Y
LCO Diesel yield to Diesel Blending Unit 0.32
Light Petrol yield to Petrol Blending Unit 0.25
Heavy Petrol yield NHDT 0.1
LPG yield to GASP 0.17

2.3.3 Fluid Catalytic Cracking Pretreater Unit

Sulphur content in FCCU streams is dangerous as is likely to cause the FCCU catalyst
to reduce its effectiveness. Many refineries use a FCCU Pretreater to desulphurize the
stream before it enters the FCCU itself to remove the sulphur from the FCCU feed. It is
well known that even after this pretreating the FCCU products still make up the bulk
amount of sulphur in diesel and petrol blending pools. (Chung et al, 2007). It is assumed
the sulphur reduction at this unitis 91%, X, = 0.09.

Ly
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2.3.4 Catalytic Reforming Unit

The Catalytic Reforming Unit (CRU) performs an upgrading process which significantly
increases the octane number in the output stream called reformate. The reformate is
used primarily in the petrol blending pool, but also produces large amounts of LPG.

Another important function that the CRU performs is to produce hydrogen gas (H,)

which is used throughout the refinery in many different processes (Dechamps, 2013)

Table 2.3: CRU volumetric flow yield parameters

Catalytic Reforming Unit Y.
Reformate yield to Petrol Blending Unit 0.7
LPG yield to GASP 0.15

2.3.5 Isomerization Unit

The Isomerization Unit (ISOMU) is another upgrading process which rearranges
molecules of light naphtha creating a product called isomerate with a higher octane
number and reduced density which is added to the petrol blending pool to help meet
quality standards. Another added benefit of using isomerate is the product is very low in

sulphur which also helps in the blending pool (Dechamps, 2013).

Table 2.4: CRU volumetric flow yield parameters

Isomerization Unit Y

Isomerate yield to Petrol Blending Unit 0.98

2.3.6 Polymerization Unit

Like isomerization, Polymerization is another upgrading process which produces a high
octane product called polymerate which is used in the blending process (Dechamps,
2013).

Table 2.5: POLYU volumetric flow yield parameters

Polymerization Unit Y.

Polymerate yield to Petrol Blending Unit 0.72
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2.3.6 Hydro Treatment Units

Hydro treatment units are used to facilitate chemical reactions in refinery streams to
remove unwanted compounds like sulphur and other heavy metals. The most important
purpose for this is meet sulphur quality specifications, and further protecting the
catalysts in downstream processing units. Other effects of hydro treating are product
density reduction (Dechamps, 2013). For the purpose of this study it is assumed the

DHT reduces the density of the product stream by 7%,Z. = 0.93.The sulphur content

i,8,m

is reduced by 97% X.

.. = 0.03 which is typical of diesel hydro treaters. The KHDT unit
has no effect on the sulphur content of the stream due to the relatively high sulphur

content specification discussed in the later chapter.

2.3.7 Vacuum Distillate Unit

The vacuum distillation is part of the distillation process, and distills the heavier fractions
of crude oil. The way it works is by reducing the vapor pressure in the unit, to less than
the CDU. The distillation works on the premise that boiling occurs when the vapor
pressure of the liquid exceeds the ambient pressure allowing the residue portion of the

distillation to vaporize easier.

Table 2.6: VDU volumetric flow yield parameters

Vacuum Distillation Unit Y.
Vacuum Distillate yield FCCPU 0.46
Vacuum Residue yield to VBU 0.48
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2.3.8 VisBreaking Unit

VisBreaking is thermal cracking process, where the main purpose is to reduce the
quantity of residue oil produced by the refinery. This increases the yield of middle

distillate fractions; as a result the viscosity of the oil is reduced.

Table 2.7: VBU volumetric flow yield parameters

VisBreaking Unit Yi’s’m
Light Naphtha yield to NHDT 0.008
LPG yield to GASP 0.008
Diesel yield to DHT 0.024
Diesel yield to FCCPU 0.26

2.3.9 Gas Plant

The main purpose of the gas plant is compress the gas received from around the plant
and pumps it to where it is needed.

Table 2.8: GASP volumetric flow yield parameters

Gas Plant

i,s,m

LPG yield to POLYU 0.98
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2.3.10 Blending Units

Product blending, the operation at the back end of every refinery, regardless of size or
overall configuration. They blend refinery streams in various proportions to produce
finished refined products whose properties meet all applicable industry and government
standards, at minimum cost. The various standards pertain to physical properties like
density and boiling range; chemical properties like sulphur content, and aromatics, and
performance characteristics like octane number. Production of each finished product
requires multi component blending because refineries produce no single blend
component in sufficient volume to meet demand for any of the primary blended products
such as petrol, jet fuel, and diesel fuel. Many blend components have properties that
satisfy some but not all of the relevant standards for the refined product into which they
must be blended, and finally cost minimization dictates that refined products be blended
to meet, rather than exceed, specifications to the extent possible. This is called quality
give-away. (ICCT, 2011)
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2.4 Refinery Linear Programming

Historically a refinery scheduler would undertake the responsibility to manually plan and
figure out production scheduling and blending by hand calculation, which is very time
consuming especially if different blending scenarios are to be evaluated. This technique
may improve productivity; however it is highly unlikely that this method will allow the
refinery to reach an optimal productivity level (Kelly et al, 2003). This inefficiency led to
the need for a mathematical optimization approach which was fast yet effective with the
ability to make decisions.

The oil refining industry is a prolific field for the application of mathematical
programming techniques (Bodington et al, 1990). In the field of operations research,
analysts make use of many different programming techniques such as linear, non-
linear, dynamic and simulation methods to name a few to optimize a mathematical

model to produce a desired outcome.

According to Mark Schulze PhD, Linear programming (LP) is a relatively young
mathematical discipline, dating from the invention of the simplex method by G. B.
Dantzig in 1947. Historically, development in linear programming is driven by its
applications in economics and management. Dantzig initially developed the simplex
method to solve U.S. Air Force planning problems, and planning and scheduling
problems still dominate the applications of linear programming. One reason that linear
programming is a relatively new field is that only the smallest linear programming
problems can be solved without a computer. The most popular method is the simplex
method. This method of optimization is widely used around the globe and can make a
great impact in optimizing refinery processes.

One of the first forms of linear programming in the oil refining space was done in 1971
by Allen H in his paper titled Linear Programming models for plant operations planning
(Allen, 1971), which composed of a distillation unit, a cracker and fuel oil blending unit.
Leira et al (2010) has worked further on Allen’s work by proposing a multi-period linear

programming model to generalize his work.
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More recently work done by Dunham et al (2009) proposed a mathematical model to
optimize refinery crude oil purchasing by incorporating six different types of crude oils
whilst accounting for refinery utility costs such as hydrogen production using a single
time period.

Gothe-Lundgren et al (2000) showed a production planning and scheduling problem in
an oil refinery where they modeled the transformation of crude oil into bitumen and
naphthentic oil in order to satisfy market demand whilst taking into account costs of

holding inventory and changing operational modes.

Many different approaches have been used to solve crude oil import scheduling,
however not as many articles have been focused on varying crude oil flow rates and

CDU cut-point temperatures to optimize feedstock blending.

The basis of the proposed research will follow the work of Hassan M et al (2011), who
investigated the use of linear programming to enhance refinery productivity of naphtha
exclusively. The research topic proposed will verify the linear programming approach
used by Hassan et al (2011) for refinery optimization and will go further to include petrol,
diesel, and jet fuel as final products and analyzing them with respect to certain aspects
of South African regulatory specifications and relate them to market demands.

Today there are a few commercial software packages that refiners may purchase and
which operators can simply adapt to their process. Aspen Tech’s Process Industry
Modeling System (PIMS) software is one of them, and according to their software
brochure, claim to be used by more than 75% of the refineries worldwide. The software
is based on Successive Linear Programming techniques. Other commonly used LP
programs include Honeywell RPMS, and Haverly GRMPTS, which the user has to
specify certain variables and inputs so the program can create accurate equations
representing refinery processes.
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2.5 Crude Oil Demand

South Africa is a country rich with natural resources; however does not have large
reserves of crude oil, and as a result imports large volumes of the precious commodity.
This has a profound effect on the economy as large sum of money leave the country in
order to fulfill the demand for crude oil.

Europe

1%
\Labn America and

Caribbean
1%

Figure 2.5: Graph showing South African Crude Oil Imports by Country (US EIA,
2012)

For the purpose of this study Bonny Light, a Nigerian Crude Oil and Oman Crude Oil,
originating in Oman will be used as they are some of the popular crudes used in SA.
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2.5.1 Petroleum Product Market Demands

According to the South African Petroleum Industry Association (SAPIA), in 2009 the
demand for petrol, diesel, and jet fuel was 11 313, 9116, and 2731 Million liters
respectively. This indicated a market ratio split of 0.49, 0.39, and 0.12 between the
three major transportation fuels. This is illustrated in Figure 2.6.
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Figure 2.6: SA fuel demand split, 2009. (SAPIA,2010)
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2.6 Petroleum Product Specifications

South African liquid fuel specification for Petrol and Diesel consumed in the country is
determined by South African National Standard Association (SANS).

The latest standard for Unleaded Petrol is SANS 1598:2006 Edition 2, whilst for
Automotive Diesel the latest standard is SANS 342:2006 Edition 4.

Aviation Turbine Fuel or jet fuel has an international standard, Aviation Fuel Quality
Requirements for Jointly Operated Systems (AFQRJOS). The international standard is
due to the fact that many airplanes travel internationally and cross over many
international borders whilst doing so. Adhering to a different standard for each country’s

airspace is impractical, and therefore an international standard was created.

Table 2.9 summarizes the different regulations with regard to the variables that are

included in this study.

Table 2.9: Fuel standards and specifications (Shell, 2006) (ExxonMobile, 2005)

Fuel Standard Property Requirement | Unit
SANS
Metal Free Unleaded Petrol 1598:2006 Sulphur Content Max 500 mg/kg
kg/L @ 20°
Density 0.710-0.785 C
Standard Grade Automotive | 5ANS 342:2006 | Sulphur Content | Max 500 mg/kg
Diesel
kg/L @ 20°
Density Min 0.8 C
Al Jet Fuel AFQRJOS Sulphur Content Max 0.3 wt %
kg/L @ 20°
0.775-0.84 C
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2.7 Crude oil costs

The cost of the crude oil is a major factor with regards to the economic evaluation of the
refinery. There are archives on the internet with databases of crude oil prices, history
and evaluations. These databases charge a fee for their services; as a result a monthly
report from the Platts.com website was obtained on the internet, however the crude oil
prices used in the study were for the date 11™ July 2013 (Platts, 2013). Transportation
of crude oil was left out of the scope of this study, as finding accurate information in this
regard proved to be difficult, this included the associated levies, fees, and insurance
that are paid.

2.7.1 Refinery utility and maintenance costs

The utility and maintenance costs involved in a refinery is out of the scope of work for
this study, however much of the energy used in a refinery is produced by burning low
value products like fuel oil. The bi-products of some of the processing units like the
FCCPU which produces hydrogen gas are used in the refinery.

2.7.2 Product sale prices

The product sale price for jet fuel was the average refinery gate price for Africa as
estimated by the International Air Transport Association (IATA) for the 4™ of July 2013.
It must note the dates for which the different raw materials differ, and is used under the
assumption that the price quoted stayed constant due to lack of freely available

information.

The refinery gate prices for petrol and diesel were calculated by adding the average
Basic Fuel Price (BFP) for the month of July 2013, and adding only the wholesale
margin as described by SAPIA. All other levies, taxes, and charges are paid for by the

consumer as have no economic effect on the refinery.
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CHAPTER 3: RESEARCH METHODOLOGY AND MODEL
DEVELOPMENT

In this chapter a case study oil refinery is considered with several different processing
units. A mathematical model is built to suit the configuration for this particular refinery.
For the purpose of this study crude oil flow rates, density, sulphur content, and CDU
cut-point temperatures are being modeled as variables, whilst petrol, diesel, and jet fuel
are the only product volumes being calculated. The case study refineries process layout

may be seen in Figure 3.1.
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Figure 3.1: Schematic flow chart of case study refinery.(OTM,2013)
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3.1 Model Assumptions

The model is general for a South African refinery with similar refining capacities
and utilizing the same process technology, and hence the model has a total
refining capacity of 100 000 barrels/day.

The case study is free to buy the selected crude mix supplies

The refinery is free to deliver products without demand constraints unless the
scenario specifies this

Crude purchases cost limitation is not taken into account in the model

No operating or maintenance costs, either fixed or variable are included in the
study.

Crude distillation and Vacuum distillation units compromise a collective structure
as the receiving area for a crude oil fractionation

Crude yields are taken from crude assay laboratory results

Process unit yields are linear, and are based on typical unit yields

Crude oil entering the CDU has already been desalted to remove water and mix
completely homogenously

Process unit yields for density (Z, ,) and sulphur weight percent (X are

i,8,m )

assumed to be 1 unless previously stated.
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3.2 Model Formulation

The standard form of a LP optimization problem in matrix form follows:

Maximize f(X)=c’ X

Subject to the constraints

aX <b

0<X

Where X represents the vector of variables to be determined, hand ¢ are vectors of

known coefficients. The inequalitiesaX <b, and 0< X at the constraints which will be

applied. The objective function is the equation which will be maximized ¢’ X .

3.3 Objective function

Maximize gross profit = E Sp.F, - ; CC,F. e (3.2)
icB d

The equation above expresses the overall gross refinery profit as summation of the

product of sale price Sp,of flow from unit (i/)and the volumetric flow rate F,from unit (i)

from the set of final blending units (B ),less the summation of the product of cost for the

crude oil Cc, for the refinery to function, and the volumetric flow rate F, of crude oil (c)
entering the CDU. The cost of the crude oil feedstock Cc, purchased from the market is

defined under set (C).

3.4 Crude Distillation Unit

Heated crude oil which is being fed into the CDU has different molecule sizes, and
weights which are distilled or separated from each other due to their varying boiling
point (vaporization) temperatures. These varying boiling point temperatures are tested
in a laboratory environment to form a True Boiling Point curve (TBP) which is included
in the crude oil assay. A The TBP curve is determined by the set testing method ASTM
D 86 which is a world-wide test method relating to the atmospheric distillation of
petroleum products using a laboratory batch distillation unit (Dechamps, 2013). A crude
oil assay is an evaluation of the chemical makeup of the crude oil. Figure 3.2 shows the
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TBP curve for Bonny Light Crude Oil, which is one of the crudes that are being used in
this study.
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Figure 3.2: True Boiling Point Curve for Bonny Light Crude Oil

Each distillation stream leaving the CDU has a volumetric flow rate of:

F represents the volumetric flow rate of the summation of the product of the flows F,, of

40



crude oil(c), and the difference between the cumulative volume percent between the

crude oil cut-point temperatures of stream (s)represented (CV, —-CV,_,).

Each stream upper and lower Cut-point represented by CV, and CV,_ respectively has a

range in which their value can vary in.

The density and sulphur content of each of the CDU streams (s)are functions of the

Mid-Volume percent vaporized, MidV, which is calculated as:

MidV. = (CV, +CV )2 oo, (3.4)

The average density PD, and sulphur content PS,  of crude oil (c)for stream (s)can

be determined by the sulphur weight percent, and density, vs cumulative volume
percent curves by using the Mid-Volume percent vaporized, MidV, which has already
been determined. The Mid-Volume is the average of the flow between the different cut-

point temperatures. Figure 3.3 and 3.4 show the curve for these relationships for Bonny
Light Crude Oil.
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Figure 3.3: Graph of density vs cumulative volume percent for Bonny Light Crude
Oil
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Figure 3.4: Graph of sulphur content vs cumulative volume percent for Bonny
Light Crude Oil

The average density for each CDU stream is therefore:

PD, _(EF EPD,)(F,) eeeieeeee e (3.5)

The average density of the product stream (s) from the CDU represented by PD, is
equal to the product of the summation of volumetric flow rate of crude oil (c¢)for streams
(s), and the density of crude oil(c) for streams (s) from the CDU divided by the

volumetric flow rate F,of crude oil for streams (s ).
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The average sulphur weight percent for each CDU stream is therefore:

PS, =( ;F KPD, FPS, V(F, ¥ PD, )i (3.6)

The average sulphur weight percent of the product stream (s) from the CDU is

represented by PS, is the product of the summation of all the volumetric flow rate of
crude oil(¢) for stream(s ), and the density of crude oil(c¢) for stream (s ) from the CDU,
and the sulphur weight percent of crude oil (¢) for streams (s ) from the CDU, divided by
the product of all the volumetric flows of crude oil F, for streams (s ), and the density of

crude oil PD of stream(s ).
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3.5 General Model

A generic processing unit drawing is shown in Figure 3.5 to illustrate the mathematical

representation.

I Process
Unit (i)

Figure 3.5: General model processing unit

Feed flow rate of processing units:

F = ;, SZNF” .......................................................................................... (3.7)

The volumetric feed flow rate F, for any processing unit (i€/,/ is the defined set of all
the units in the refinery) is the summation of all the flow rates F, of the possible

streams (s) that can be received by unit (i) from units ( j&€J ), where J is defined as the
set of all units that can send streams (s ) to unit (i) and N is defined as the set of all

streams(s ) from unit ( ;) to unit (7).

Product flows from processing units are split to feed different receiving units and is
therefore:
F =FY,

The processing unit product output volumetric flow rate F, is the product of the feed
flow rate for processing unit (i) and yield parameter Y, for stream (s) from processing

unit (i ) received by processing unit (m )
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Feed Density
PD, -(EF EPD | V(F,)eoeeeeeeeeeeeeeeeseee e (3.9)

The average density of the feed to unit (i ) represented by PD, is the product of the sum
of all the volumetric flows of streams (s) from unit (/) to unit (i), and the density of

streams (s ) from unit (j ) divided by the volumetric flow rate F; to unit (i ).

Product Density from the processing unit is therefore:

PD =PD,*Z,,

The processing unit output average density PD_ is the product of the feed density PD to
processing unit (i) and yield parameter Z,  of stream (s) from processing unit (i)

received by processing unit (m ).

Feed Sulphur Content
PS; = (N F *PS, *PD, J(F ¥ PD,).coiiiciic s (3.10)
J

The average sulphur weight percent of the feed to unit (i) represented by PS.. The

average sulphur weight percent is the product of the sum of all the volumetric flows of
streams (s') from unit ( ;) to unit (i ), and the sulphur weight percent of streams (s ) from

unit (/) to unit (i ), and the density of streams (s ) from unit () to unit (7 ) divided by the

product of F; and the density PD, of unit (i ).

Product sulphur weight percent from the processing unit is therefore:

PS = P E X et (3.11)
The processing unit output average sulphur weight percent PS is the product of the

feed sulphur content PS to processing unit (i) and yield parameter X,  of stream (s)

1,s,m

from processing unit (i) received by processing unit (m ).
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Constraints

Many different constraints are applied to the model, for each scenario these constraint
limits will be specified unless already specified below.

Each CDU stream has an upper and lower cut-point represented by CTSU and CTSL
respectively, and these have a range in which their value can vary in.

CT'sCT, scr’

The overall crude throughput for the refinery is limited to a maximum of 100000 bpd.

3 F, 100000
««C

The minimum participation of a specific crude oil:

F. =10000

Every crude oil flow must be non-negative:

F =0

Each processing unit (i) has a maximum operating capacity of OC :

0<F <0C
Table 3.1: Processing unit operating capacities

Process Unit OC. Operating

Capacity (bpd)
CDU 100 000
NHT 20 000
KHT 15 000
DHT 38 000
FCCPU 701000
VBU 13 000
VDU 27 000
FCCU 40 000
GASP 10 000
POLYU 15 000
CRU 20 000
ISOMU = 000
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3.6 Model computation

Each model was built in Microsoft Excel and solved using an evaluation version of
Palisade Decision Tools: Evolver 6, and Top Rank 6 which is capable of optimizing
linear, non-linear, mixed-integer, and other programming problems, whilst Top Rank is

able to include a sensitivity analysis on variables.

Standard optimization programs such as Microsoft Excel’'s Solver are good at finding
the best “local” solution, or combination of values to maximize or minimize the outcome
of a straightforward spreadsheet model given certain constraints. They find a solution
which seems to be producing favorable results and continue to work on that basis,
without trying new solutions. This is known as “hill climbing” (PTE, 2013). However,
these programs are not set up to handle more complicated, nonlinear problems where
the best local solution may not be the best absolute answer. Evolver, using innovative
‘mutations” and combinations of solutions, or “organisms,” is well-suited to finding the

best overall answer by exploring the entire universe of possible answers (PTE, 2013).
Solving methods used (PTE, 2013):

Evolver uses six different solving methods that you can specify to find the optimal
combination of adjustable cells. Different methods are used to solve different types of

problems. The six methods are:

« Recipe - a set of variables which can change independently.

« Grouping - a collection of elements to be placed into groups.

+ Order - an ordered list of elements.

- Budget - recipe algorithm, but total is kept constant.

« Project - order algorithm, but some elements precede others.

« Schedule - group algorithm, but assign elements to blocks of time while meeting

constraints.

What the optimization does (PTE, 2013)
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During an optimization, Evolver generates a number of trial solutions and uses genetic
algorithms, OptQuest, or linear programming to continually improve results of each trial.
With genetic algorithms, each possible solution becomes an independent "organism"
that can "breed" with other organisms. The spreadsheet model acts as an environment
for the organisms, determining which are "fit" enough to survive based on their results,

and occasionally trying “mutations,” or completely new solutions.

The solver was set as default to use the genetic optimization algorithm with the

parameters set as follows:
Population size: 50
Crossover rate: 0.5
Mutation rate: 0.1

The software gives the following description of how these parameters effect the

optimization.

The population size tells Evolver how many organisms (or complete sets of variables)
should be stored in memory at any given time. Although there is still much debate and
research regarding the optimal population size to use on different problems, generally
we recommend using 30-100 organisms in your population, depending on the size of
your problem (bigger population for larger problems). The common view is that a larger
population takes longer to settle on a solution, but is more likely to find a global answer
because of its more diverse gene pool (PTE, 2013).

Crossover and Mutation. One of the most difficult problems with searching for optimal
solutions, when your problem has seemingly endless possibilities, is in determining
where to focus your energy. In other words, how much computational time should be
devoted to looking in new areas of the “solution space”, and how much time should be
devoted to fine-tuning the solutions in our population that have already proven to be
pretty good.
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The evolver solver was set to compute 20 000 trials before ending the optimization
which took between 15 to 22 minutes to complete using a computer with an Intel Core
i5, up to 2.80 Ghz processor.
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CHAPTER 4: RESULTS AND DISCUSSION

In order to illustrate the model that was presented in chapter three, various different
case studies will be performed and analyzed. Figure 2.3 represents the schematic flow

chart of the case study refinery that was modeled.

The first processing unit in the refinery is the CDU, which consists of an atmospheric
distillation column and a vacuum distillation tower. The refinery has in addition to this

has three treating units, two conversion units, and multiple blending units.

4.1 Scenario 1

This scenario comprises of a graphical representation of crude oil blending between two

crude oils.

Bonny Light Crude Qil, a Nigerian medium sweet crude and Oman, which is a medium
sour crude. These crudes were chosen for the study as they are often used in SA.
Processing unit capacities will be previously stated.

For this scenario, cut-point temperatures remain constant. This results in a linear model
which will be used to represent an operational area for the crude QOil Blends with respect
to the product specifications previously discussed.

Figure 4.1 shows graphically the following constraints, and the operational area.
Minimum participation of each crude oil being 10%o0f the overall CDU throughput

F. =10000
Total blend of crude oils being less than 100 000 barrels/day.

EFC <100000

C
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Figure 4.1: Acceptable operational area for crude blend

In Figure 4.1 the constraints previously mentioned enclose an acceptable area of the

refinery crude oil flow rates. It will be illustrated how this acceptable area will reduce as

the technical specification are added.
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Figures 4.2 and 4.3 show the acceptable area with respect to the density and sulphur
contentspecifications of jet fuel.
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Figure 4.2: Acceptable operational area of density for jet fuel
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Figure 4.3: Acceptable operational area of sulphur content for jet fuel
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From table 2.9, according to the international AFQRJOS specification the density of A1
Jet Fuel should be between 0.775 and 0.840 kg per liter at 15° C. From the model
calculation, the density of the product made using the BLCO results in a density of
0.806 kg per liter whilst the OCO results in a density of 0.763 kg per liter. It is interesting
to note that, the API° gravity for BLCO and OCO is 35.9 and 31.20 indicating that OCO
has a higher density but has produced a lower density product. The reason for this is
the API ° is an indication of the overall density of the crude oil and provides no
indication of how the density of the crude oil changes between different boiling point

temperature ranges.

This then explains why there is an area where a blend using mainly OCO with smaller
quantities of BLCO where the JF produced does not meet the density specifications
required. Since jet fuel is used in aero planes where space is limited, the density
conformance for jet fuel is of added importance. The left edge of the acceptable area
represents the point at which the density is 0.775 kg per liter, anything towards the right
of this edge is acceptable, however the consumer would be receiving a product with
additional density than what the specification limits it to which directly relates to the
amount of energy in the fuel. This is known as quality give away, since the refinery
could have changed the blend of crudes to ensure the least additional quality is given
away. Reducing this margin is not always the best economic decision as balancing the
quality give away of the other end products of the refinery, should they meet the
specification. In this case, converting heavier fractions in the refinery to be blended
have additional operating costs which may cause a reduction in the overall profitability
for the refinery.

Similarly for A1 Jet Fuel the specification states the maximum sulphur content should be
0.3wt %, which is the equivalent of 3000ppm. When comparing this sulphur content to
petrol and diesel specification in South Africa, it is clear that the AFQRJOS specification
allows for a relatively high level to be used. For this reason, for the current refinery
scenario any blend of the crude oil will meet the product specification. From the model
calculation, the sulphur content of the product made using the BLCO results in a content
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of 0.009wt% whilst the OCO results in a content of 0.116wt%. The difference between
these two values is expected as BLCO is much sweeter crude oil with an overall sulphur
content of 0.15 wt%, compared to OCO which has an overall content of 1.540wt%.

Volumetric Flow Rate(¥ ....): Oman Crude Oil (bpd)
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= JF Density Acceplable Area JF Sulphur Content Acceptable Area
—— DIE Density Acceplable Area — DIE Sulphuwr Content Acceplable Area
= PET Density Acceptable Area —— PET Sulphur Content Acceptabla Area

Figure 4.4: Acceptable operational area of density for diesel
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Figure 4.5: Acceptable operational area of sulphur content for diesel

From Table 2.9, SANS 342:2006 specification for Automotive Diesel states the density
should be a minimum of 0.8 kg per liter @ 20° C. From the model calculation the density
of BLCO and OCO is 810.07 kg per liter and 821.68 kg per liter respectively. This is an
expected result, having both crude oils being reasonably light. They both meet the
minimum specification for the product. In this case the bottom edge of the graph shows
the minimum density point. Therefore any blending of OCO with the BLCO will result in
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a higher density. It is interesting to note that since the SANS specification does not offer
a maximum density specification, in certain situations the refiner may opt to use a much
heavier crude in the mix to take advantage of this if market demands favoured diesel
production. Once again, the economic effect of this will have to take into account
processing costs of refinery operations to meet the sulphur content, and other product
specifications of the refinery. Note an additional assumption for density of diesel and
petrol must be made, as the crude oil assay provides information on density @ 15°C
whilst the SA SANS specifications make their density limitations @ 20°C. For the
purpose of this study, it must therefore be assumed that the density difference of the
products between the difference of the two temperatures is negligible.

Similarly the sulphur content specification states a maximum of 500 mg per kg which
equates to a wt% of 0.05. As expected BLCO being a sweeter crude, results in an
0.0057 wt% compared to 0.067 wt% for OCO. This would indicate that the left edge of
the acceptable area for the sulphur content for the product would be the minimum
requirement, and a blend of increased proportion of BLCO with the OCO would result in
a quality give away, having lower than neccesary sulphur content. The processing costs

of hydrotreating sour streams can be reduced by decreasing the hydrotreating intensity.

Adding the Sulphur Content and Density specification limits of petrol reduces the
operational area for the refinery as illustrated in Figure 4.6 and 4.7.
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Figure 4.6: Acceptable operational area of density for petrol
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Figure 4.7: Acceptable operational area of sulphur content for petrol

From Table 2.9, SANS 1598:2006 specification for Unleaded Petrol states the density
should be a between of 0.710 kg per liter and 0.785 kg per liter @ 20° C. From the
model calculation the density of BLCO and OCO is 751.614 kg per liter and 803.735 kg
per liter respectively. This is an expected result, as both crude oils are reasonably light.
Only the BLCO meeting the specification range for the product. In this case the left edge
of the graph shows the maximum density point to meet the specification. Therefore any
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additional blending of BLCO with the OCO will result in a lower density witch will reduce
the quality give away. Again, the economic effect of this will have to take into account
processing costs of refinery operations to meet the sulphur content, and other product
specifications of the refinery.

Similarly the sulphur content specification states a maximum of 500 mg per kg which
equates to a wt% of 0.05. As expected BLCO being a sweeter crude, results in an
0.00475wt% compared to 0.0709 wt% for OCO. This would indicate that the left edge
of the acceptable area for the sulphur content for the product would be the minimum
requirement, and a blend of increased proportion of BLCO with the OCO would result in
a quality give away, having lower than neccesary sulphur content. The processing costs
of hydrotreating sour streams can be reduced by decreasing the hydrotreating intensity.
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Figure 4.8: Overall acceptable operational area for crude oil blend

From Figure 19, the overall operating area is illustrated by representing the density and
sulphur specifications for all the products at once. The blue area represents the overall
acceptable area of blending for the proposed scenario.
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Table 4.1: Overall results at point of highest gross refining profit

Gross Refining Profit R
(ZAR) 8758503.13
Jet Fuel Sulphur Content (wt

%) 0.0157
Jet Fuel Density

(kg/1) 804.08
Diesel Sulphur Content

(wt%) 0.0110
Diesel Density

(kg/1) 811.74
Petrol Sulphur Content

(wt%) 0.0114
Petrol Density

(kg/1) 756.37
BLCO Volumetric Flow rate

(bpd) 90000
OCO Volumetric Flow rate

(bpd) 10000
Jet Fuel Production

(bpd) 9542.63
Diesel Production

(bpd) 44699.51
Petrol Production

(bpd) 33053.73

Table 4.1 summarizes the product results for the scenario. The maximum profit was R8
758 503 and resulted as expected to favor the use of BLCO, using 90 000 barrels for
the day whilst using only 10 000 barrels of OCO. When considering product
specifications, the density and sulphur content were well within the limits. If any of these
variables were very close to the limit, it would be a point of concern, as for this particular
model the assumption was that perfect blending takes place, whilst in reality this is not
perfectly accurate. For the scenario in question, Table 4.1 also shows the maximum
production case for each of the products.
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Figure 4.9: Product market demand share

Figure 4.9 shows the product market demand share for product in 2009 compared to
the model production share. The production shares for petrol and diesel are similar
however, different blends of crude yield different production market share, which the
most noticeable when considering the share of jet fuel. If the refinery wants to maximize
their profits need to evaluate blending different types of crude oils from light to heavy
and from sweet to sour in order to perfectly match the market demand. They can also
adjust the refinery configuration, or process unit parameters to deliver a slate which is

closer to the desired slate.

For the scenario in question, a single period, linear programming model was formulated.
By varying the crude oil blend, the model was able to calculate the maximum gross
refinery profit, the effect the blend has on product quantities, and qualities like density,
and sulphur content, and how the production share changes. Should the refinery
increase the number and dissimilarity of crude oils being blended together, the refinery
planner will have a greater understanding of what will be the optimal blend will be.
Trying to find this optimal blend with a blend of many different crude oils without LP will
be very difficult, and time consuming showing the necessity of using optimization
methods in refinery scheduling. Varying the cut-point temperatures will also vary the

effect on the variables discussed. A refinery planner may use the LP model as an
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economic decision making tool to discern how to operate the refinery given
uncertainties like the ever changing crude oil and product sale price.

4.2 Scenario 2

This scenario comprises of variations of the cut-point temperatures in the CDU, whilst
the flow rates remain constant. A base case consisting of the two crude oils described in
scenario 1 each with a volumetric flow rate of 50 000 bpd, and predetermined cut point
temperatures will be used as a reference to how the resulting Mixed Integer Linear
Program (MILP) performs. Processing Unit Capacities will be previously stated.

Optimizing the process conditions of the CDU in a refinery is one of the greatest
challenges for a refinery scheduler. It can have a profound effect on the gross refining
profit achieved by producing the required range of distillates, at maximum yield, and at
minimum cost. To achieve this goal, full real-time monitoring and control of each
incoming stream of crude oil and outgoing distillate stream is an inevitable requirement
(Shahvosky et al, 2012).

With reference to Figure 2.4, each stream of distillate is separated according to their
boiling range. Table 4.2 summarizes the typical cut-point temperatures between the

different distillate streams used in this model.

Table 4.2: Typical cut-point temperatures between distillate streams

Distillate CTSL Lower Cut-point CTSU Upper Cut-point
Stream Temperature Range °C Temperature Range °C
LPG 15
LN 15 82-108
HN 82-108 165-193
KERO 165-193 215-271
DIE 215-271 343-375
ATMR 343-375 510-545
ATMD 510-545
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From the table it can be seen for the kerosene distillate stream, CT, “is between 165
and 193° C, which is the CTSU for the Heavy Naphtha distillate stream. Similarly the

Cr”for the kerosene stream is the (7" for the diesel stream. The cut-point

temperatures are therefore interdependent on each other. The exact cut-point
temperatures are determined with respect to the product quantities and quality
specifications, or the physical properties of each of the streams to minimize quality give

away and maximize profit.

Prediction of the yield of distillation can be made by using optimization techniques such
as linear programming (LP). However, any unexpected discrepancy between the
crude’s actual properties and the LP model will directly impact distillation efficiency
(Shahvosky et al, 2012).

For the base case, an equal blend of the two crudes will be used and will have their cut-
point temperatures set as shown in Table 4.2. The model will then be set to optimize in
the following modes:

*  Maximum Gross Profit

*  Maximum Jet Fuel Production

* Maximum Diesel Production

¢ Maximum Petrol Production

For each mode, they will be subject to the quality specifications for each of the products
as shown in Table 2.9. Note, the cut-point temperatures vary as integers to reduce
computation time. Another reason for this is controlling temperatures in the CDU to such

accuracy is not realistic.
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The base case for the scenario has the cut-point temperatures set as per Table 4.2, and

results in products with results as shown in Table 4.3, 4.4 and 4.5.

Table 4.3:Scenario 2 base case cut-point temperatures between distillate streams

Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 95
HN 95 180
KERO 180 243
DIE 243 359
ATMR 359 532
ATMD 532

Table 4.4: Scenario 2 base case product slate

Product Volumetric Flow Rate (bpd) Sulphur Content (wt %) Density (kg/l)

Jet Fuel 10484.58 0.0789 808.99
Diesel 35114.06 0.0393 824.75
Petrol 34600.10 0.0346 785.66

Table 4.5:Scenario 2 base case gross refining profit

Gross refining
profit (ZAR)

R 2502802.89
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Maximum Gross Profit

Table 4.6: Maximum gross profit case cut-point temperatures between distillate

streams
Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 108
HN 108 165
KERO 165 231
DIE 231 375
ATMR 375 545
ATMD 545

Table 4.7:Maximum gross profit case product slate

Product Volumetric Flow Rate (bpd) Sulphur Content (wt %) Density (kg/l)

Jet Fuel 10573.36 0.0603 796.83
Diesel 39345.15 0.0360 819.27
Petrol 32203.68 0.0379 776.58

Table 4.8:Maximum gross profit case gross refining profit

Gross refining
profit (ZAR)

R 5166636.51

The results for setting the model to optimize the gross refining profit of the refinery by
varying the cut-point temperatures whilst keeping the volumetric flow rates of the crude
oils constant result in the total profit increasing from R 2 502 802.89 to R 5 166636.51.
This was due to the total amount of product increases due to optimization. When
considering the qualities of the products, the optimized case maintains the required
sulphur content and density to be within the acceptable range for the relevant

specifications.
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Maximum Jet Fuel Production

Table 4.9: Maximum jet fuel production cut-point temperatures between distillate

streams
Distillate Stream Lower Cut-poi:'nt Upper Cut-poi?t Temperature
Temperature °C C

LPG 15
LN 15 108
HN 108 187

KERO 187 270
DIE 270 375

ATMR 375 545

ATMD 545

Table 4.10: Maximum jet fuel production

Product Volumetric Flow Rate (bpd) Sulphur Content (wt %) Density (kg/l)

Jet Fuel 14956.94 0.0783 808.73

Since the refinery configuration shows jet fuel as a straight run stream from the CDU, as
expected the maximum volumetric flow rate will be where the difference between the
upper and lower cut-point temperatures for the stream are the greatest. Note, the
theoretical maximum of the refinery would be when the kerosene lower cut-point is
165°C and the upper is 271°C, however in order for the other products to meet their
product specification this is the maximum allowable cut-point temperature difference. At
this point it is also important to note how bottlenecks in the model affect the cut-point
temperatures. When a bottleneck in production occurs, in order for the process to
continue the intermediate stream will either need to be stored, or limits the entire
production stream. In this case the cut-point temperatures will change to accommodate
this by increasing the production of other streams such that the variable being optimized
is at a maximum. This results in a jet fuel production of 14956.94 bpd compared to the
case study production of 10484.58 bpd. The sulphur content and density are within the
product specification limits.
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Maximum Diesel Production

Table 4.11: Maximum diesel production cut-point temperatures between distillate

streams

Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 107
HN 107 181
KERO 181 215
DIE 215 360
ATMR 360 545
ATMD 545

Table 4.12: Maximum diesel production

Product

Volumetric Flow Rate (bpd)

Sulphur Content (wt %)

Density (kg/l)

Diesel

40234.22

817.16

The refinery configuration shows majority of the Diesel production coming from the

diesel stream from the CDU, as expected the maximum Volumetric Flow rate will be

where the difference between the upper and lower cut-point temperatures for the stream

are the greatest. Once again, the theoretical maximum of the refinery would be when

the Diesel lower cut-point is 215°C, which it is at, and the upper is 275°C; however it is

limited to 270° C in order for the other products to meet their product specification. This

results in a Diesel production of 40234.22 bpd compared to the case study production of

39345.15 bpd. The Sulphur content and density are within the product specification

limits.
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Maximum Petrol Production

Table 4.13: Maximum petrol production cut-point temperatures between distillate

streams
Product Volumetric Flow Rate (bpd) Sulphur Content (wt %) Density (kg/l)
Petrol 37981.70 0.0330 784.84

Table 4.14: Maximum petrol production

Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 108
HN 108 193
KERO 193 215
DIE 215 343
ATMR 343 539
ATMD 539

Petrol is a light product, when considering how it is refined, it can be seen that it is
blended with light streams and heavier distillate streams which are processed, this
shows how sensitive the entire set of cut-point temperatures is on the production of
petrol. It must be noted that for the case study refinery no stream or intermediate stream
of kerosene from the CDU which is processed is blended into the petrol pool. For this
reason the cut-point temperatures are set to minimize the distillation of kerosene. Note,
the theoretical minimum of the refinery would be when the Kerosene lower cut-point is
181°C and the upper is 215°C, which it is. This results in a Petrol production of
37981.70 bpd compared to the case study production of 34600.58 bpd. The Sulphur
content and density are within the product specification limits.
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4.3 Scenario 3

This scenario comprises of variations of the cut-point temperatures, and the blend of
crude oils in the CDU.

As per scenario 1, a base case consisting of the two crude oils previously described,

optimized cut-point temperatures will be used as a reference to how the resulting MILP

performs. Processing Unit Capacities will be previously stated. The results for this may

be found on Table 4.15, 4.16 and 4.17. Note, these results may look the same as the

results shown in Table 4.1, as for scenario 1 the optimal cut-point temperatures were

used.

Table 4.15: Scenario 3 base case cut-point temperatures between distillate

streams
Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 108
HN 108 165
KERO 165 215
DIE 215 375
ATMR 375 545
ATMD 545
Table 4.16: Scenario 3 base case product slate
Product Volumetric Flow Rate (bpd) Sulphur Content (wt %) Density (kg/l)
Jet Fuel 9542.63 0.0157 804.08
Diesel 44699.51 0.0110 811.74
Petrol 33053.73 0.0114 756.37

Table 4.17: Scenario 3 base case gross refining profit

Gross refining
profit (ZAR)

R 8758503.13
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Table 4.18: Scenario 3 base case volumetric flow rates

BLCO Volumetric Flow
rate  (bpd)

90000

OCO Volumetric Flow
rate  (bpd)

10000

This scenario describes the main economic function of the model presented, and as a

result market demand constraints will be added. Given the country is hosting a major

international event, such as the FIFA Football World Cup in 2010 and as a result the

minimum amount of jet fuel produced will need to be 12 000 bpd. The crude oil

participation will be a minimum of 10 000 bpd as per the base case.

Table 4.19: Minimum 12000 bpd jet fuel production cut-point temperatures

between distillate streams

Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 108
HN 108 165
KERO 165 228
DIE 228 375
ATMR 375 545
ATMD 545
Table 4.20: Minimum 12000 bpd jet fuel production slate
Product Volumetric Flow Rate (bpd) Sulphur Content (wt %) Density (kg/l)
Jet Fuel 12037.02671 0.017898875 808.8187848
Diesel 42205.1484 0.011645526 813.7057188
Petrol 33053.73564 0.011414366 756.3700054

Table 4.21: Minimum 12000 bpd jet fuel production gross refining profit
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Gross refining
profit (ZAR) R 8457144.11

Table 4.22: Minimum 12000 bpd jet fuel volumetric flow rates

BLCO Volumetric Flow

rate  (bpd) 90000

OCO Volumetric Flow

rate  (bpd) 10000

When comparing this result of the addition of the minimum jet fuel production, it is clear
that the model increased the upper cut-point temperature for kerosene, reducing the
lower cut-point temperature for diesel. This resulted in the minimum jet fuel production
to increase and the diesel production to decrease whilst still maintaining the quality
specification for all the products. The economic effect of BLCO has already been
established to be much higher than that of OCO, which is why there is no difference in
the crude oil volumetric flow rates. Should many different crude oil been blended
together, it may not have been as easy to identify the reasons why the cut-point point
temperatures adjusted the way they have. The additional constraint as expected
reduced the gross refining profit from R8758503.13 to R8457144.11. Combinations of
various constraints on the product volumetric flow rates, product qualities, and crude oil
participation may be similarly added to investigate the behavior of the model in the

given situation.

The last case will be in the form of a sensitivity analyses on the gross refining profit,
product volumetric flow rate, density, and sulphur content. The sensitivity analyses will
be in the form of a tornado graph which shows the influence on the change in each
variable compared to the variable to which the sensitivity is being tested. A similar
sensitivity analyses may be performed on any of the outputs. For this scenario, the cut-
point temperatures are varied from a base between their respective minimum and
maximum range, whilst simultaneously varying the crude oils from a base of 50 000 bpd
between 37500 and 62500 bpd.
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Table 4.23: Base cut-point temperatures used for sensitivity analyses

Distillate Lower Cut-point Upper Cut-point
Stream Temperature °C Temperature °C
LPG 15
LN 15 CT 2,95
HN CT 2,95 CT 3,179
KERO CT 3,179 CT 4,243
DIE CT 4,243 CT 5, 360
ATMR CT 5, 360 CT 6,528
ATMD CT 6,528
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Figure 4.10: Sensitivity analyses for gross refining profit
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Figure 4.13: Sensitivity analyses on petrol flow rate

When considering the sensitivity analyses, the refinery planner will be able to ascertain
which variables have the greatest impact on another. This becomes a useful tool when
trying to make decisions on what strategy the refinery should follow. When considering
the sensitivity on the gross refining profit, when referring to Table 4.23, cut-point
temperature 5 (CT 5) is the cut-point separating diesel and atmospheric distillate. This is
most likely due to the high sulphur content of this end of the crude fractions, having a
pronounced influence on the sulphur content and density for which specifications have
to be met. As expected the flow rate of BLCO is rated as the second most influential
factor on the gross refining profit. This has been seen throughout the discussion of the
results. For the sulphur content sensitivity the BLCO and OCO were most and second
most influential on the variable. This is most likely due to there being so many different
streams from both ends of the CDU making up the petrol blending pool that the different
crude oil sulphur contents produced the highest impact.
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CHAPTER 5: CONCLUSION AND RECCOMENDATIONS.

In this chapter a discussion around the most important conclusions with regards to work
presented are discussed. The refining industry was investigated in detail in order to
have a sufficient understanding of the model, the variables, the products, and how the

economic function of the refinery is optimized.

In this study an efficient model has been developed to represent a case study refinery
which would typically be found in South Africa. The objective of this study was to
develop a tool to maximize the economic function or gross refining profit by investigating
the influence of crude oil blending. Part of this involved the variation of the cut-point
temperatures, which in turn would vary the physical properties, and flow rates of each

stream.

A graphical representation of how optimization works with respect to the acceptable
operational area when crude oil are blended with regard to the product specifications
was presented. In addition, to test the model under different scenarios which a refinery
planner would find themselves in, and finally a sensitivity analysis. The objectives were

investigated, and a discussion provided.

5.1 Conclusion

It may be concluded that a refinery model is an absolute necessity to modern day
refinery planners in order to ensure their investors reap the greatest reward from their
investment whilst complying with product specifications and government regulations.
The model was proven to be a very valuable tool in allowing the best refinery strategy to

take place.
The model demonstrated how adjusting the blend of crude oil charged into the CDU

make a significant influence on the quality specifications, quantity of final products, their

effect on the other processing units, and of the gross refining profit.
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The model demonstrated how a adjusting the CDU cut-point temperatures have a
significant influence on the quality specifications, quantity of final products, their effect
on the other processing units, and of the gross refining profit.

The model proved they have the required accuracy to base economic evaluations and
decisions on by showing vast differences in gross refining profit from a base value of R
2502802.89 to an optimized value of R 8758503.13. This is especially true when
considering the volatile crude oil market price that we are subject to.

The model demonstrated how the model may be utilized to minimize product quality

give away.
5.2 Recommendations

In this study a crude oil blending optimization model was formulated, it illustrated how
changing key variables can support economic decision making from an operational and

planning level. There are several areas in which one could improve on the model.

The first would be to incorporate the maintenance, and running cost in terms of energy
usage in the refinery.

Each processing unit modeled in this study made use of linear relationships of product
yield, when in reality each unit has a number of its own variables which in most cases
will not exhibit a linear relationship. In order to improve the accuracy of overall function,
each processing unit should have their own sub model to more accurately determine the
product quantities, and qualities of the full range of physical properties pertaining to the
particular stream like vapor pressure, viscosity, smoke point, and corrosion. Calculation

of these variables however makes the model exponentially more complex.

Since the CDU is regarded as the heart of the refinery, and is where all the initial
property values are formed, more attention should be given to this unit. As an example
of this, in the current model the average sulphur and density of streams are calculated
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using the mid-volume percent of each crude oil. This then gives a value which is an
average of the entire temperature range between which it falls, but since no crude oil
assay has a sulphur curve which resembles a straight line, the margin of error when
calculating this value could be significant. Modeling this function by means of integration

may lead to a more accurate result, but will however make the model far more complex.

The current model represents a single period for refining, in reality refineries may shut
down certain parts of the refinery for maintenance reasons; in this case streams would
be diverted between different units. Building a model where decision to divert
intermediate streams would be useful. An interesting application of this would to build a
model where there are multiple refinery site, with multiple refinery processing units and
configurations. Intermediate streams from each site may be piped into the next creating

a very complex refinery.
A multi-period model, where logistics of crude oil from shipping to being refined, to the

logistics of moving the final product incorporating storage tanks, and their associated
costs would too improve the model and make it more robust.
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APPENDIX A: CRUDE OIL ASSAYS
A.1: Bonny Light Crude Oil Assay
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~ Crude BOMMNY LIGHT TBF
— Country MNigeria DISTILLATION
c Wi walx c Wi owalz=
s 112 137
.":".SSEI}" 31-Jan-11 o0 T8 426
Diensity at 15 °C, kafm3 2490 Assay Quality Good 150 2013 23.80
TAF 35,09 17s 2475 2867
Eblfmt T4z 230 3542 39Eh
Wiscasity, e5t at10°C T 326 B0EI B43T
Wiscosity cstat BOC 24 350 BEIY B9ED
Four Paint, T B ars Tiog v4a0
W an content, wek BE0 9243 9363
wiay Appearance Temp ' wki o wolx BER 9425 9534
RYFat37eC kPa 24.8
W ater »wol Ethane 00z 0nos
BShw myol Fropane 0.1 035
MaClmafkg Izo-Butane n.z2g 042
Sulphur, wt % 015 n-Butane 0.E1 029
Mlerzaptan sulphur, mglkg 2
Hydrogen sulphide, maikg 1
Aucidity mg KOH{g 0.25
Mickel, malkg 3
Wanadium, mafkg i}
Mitrogen, wki 0.0330
FROFERTIES OF TEBF CUTS
Cut Yield i Tield Denz15°C B REH | ROM | ROM | MOMN i MON | Napht i Arc RYP Eenz
LIGHT = Wk wol % ka'm3 Wt Hwt clear § 0,15/ clear § 0A5g0 ¢ Real el kPa Hwal
MNAFHTHA 15-65
15-80 1 607 .83 E53 0.0005 g 835 6.0 2.6 2.1 2.1
Cutz Tield § Vield Dens 15°C S Mapht © Aro
HE&WY = wkX D owol® i kgim3 wt % wal b el
MAFHTHA S0-150% 13.00 | 1454 153 0.0032 545 ¢ 104
S0-175 ¢ 1756 1341 TGS 00055 0.6 nr
100-150¢ 323 ¢ 1055 753 00032 0.6 1.5
Cutz | Tield i Tield iDens15°C k3 REH | Emoke i Acid. { Cetane Freeze PEMaphtali  Aro. | Sagbalt: Visc ozt Flazh
KEROSEMNE = wk % waol % kg'm3 wt % mglkg i Paint | maglg Cale = Hval Hval i Calar @ 50°C Paint
150-230¢ 15.23 ¢ 15.86 &1 0,010 21 4.0 -G5.0 155
1T5-230; 1067 | 10,95 825 0.012 360
150-250; 2053 | 2106 28 0.036 4.0
Cuts Tield i Vield i Dens 15°C = Anilin PE Cetane i Cetane (Cloud PE CFPP iPour PE Visc csti Visc csti K0P § Flash
GASOIL = wkX D owol® D kglm3 weX c Cale. = © = 50°C P00 Paint
ATS-400; 43,35 | 4840 SEE 0126 461 a -5 -4
230-40C 337§ 3T &5 0157 46,6 4 2.0 o
230-3T% 3566 | 3464 74 0.147 463 -5 -T.0 -3
Cutz Tield i Yield Dens 15°C S Conrad: Anilin PEE - N W Tatal Wi Bas N iPour Ptizco o Wise csti KUOP  Asp. O]
WaACLLM = Wk wol % kg'm3 W wE R c malkq i malkg weR weR c 00°C;: 150°C E
DISTILLATE ITE-E50; 2135 | 19.35 ER 023 020 01700 § 0.0732 N3
ITS-5E5 23.27 [ 2103 ERT) 023
ST5-580
400-56% 2022 | 18.32 337 0.2%
Cutz Tield | Yield Dens 157 S Conrad} Asp C5 Mi W Tatal Wi Pene (Pour PrVisco cEiizco o5t Asp. T
RESIOUE = Wk wol % kg'm3 W wE R wk malkq i malkg weR = 100°C: 150°C Wk
>335 128321 2570 L 0.34 33 25 5
»5E0 F TST 632 107 052 16.0 B 47 07200 B3 1373 113 0.3
= 565 565 4.61 1041 060 63 3514 175
> 5E0
" estimated valus Tokal DTS4 Fub-11

Thiz crude oil data sheet is For information purposes only. Mo guaranty is given as bo its accuracy of as Lo any consequences arising from its uze




A.2: Oman Crude Oil Assay
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Crude OMAN TBP
ToraL Country Oman DISTILLATION
T [witt|wolle| C | wi | volle
Diensity at 162, kofm 8692 Azzay Date 20-0ec-11 oe0 | 594 | 817 | 450 | 5542 | 60.3R
ARl H2n 40 | 1284 | 1639 | 475 | BRE4 | B33
BEblfmt T.24 150 e | 179l OO | BLT3 | BE3Z
Wiscosity, ¢St at 10T AAE 160 | 1547 | 1940 | 525 | 6493 | 6933
arEC 120 | 1799 | 2223 | BAO | BRZT | Y2
A0 1na 200 | 20036 | 2486 | BEE | YOAZ | 7406
Four Foint, = -39 220 | 2283 | 2733 580 | v2.00 [ TRTE
Faraffins wik 240 | 2518 | 30.07
‘wax Appearance Temperature 'C 2h0 | 2656 | 3153
FvF at 378 T kFPa 32 ZE0 | 2806 | 3310
W aker vl 00 | 3502 | 40.29
RVF at 37.8 T, kPa YPds Vol Mo | 3EES | 499
MaCl mafkg 320 | 3800 | 4343
Sulphur we{ 15410 Ethane 0.02 0.05 30| 3932 | 4466
Mercaptan Sulphur, madkg 110 Propane 0.28 043 240 | 4050 | 4554
Hydrogen Sulphide, mafkg 1 lzo-Butane  0.34 0.52 360 | #1793 | 4792
Aucidity, mg KOH{g 051 n-Butane 034 0.51 3600 | 4321 | 4254
Mickel, mafkg 121 0| 4471 | 50O
‘Wanadium, mgfkg 0.z 380 | 4821 | Hl48
380 | 47EE | B2.A0
400 | 4905 | B4.26
PROPERTIES OF TBP CUTS
Cuts Tield § “ield iDen 1572 ® FzH ROM ROM i POM | MON ;i Napht Aro RVE
LIGHT i wt¥ vol % | kafm3 | we® | matkg i clear {005 gl clear (01591 valX val% kPa
MAPHTHA, 15-65
15-80 4.36 653 631 ¢ 00321 5.3 S2.6 T2.3 &0.2 1.5
Cutz | Wield | “ield iDen15'C % RiH Mapht §  Aro.
HE&WY T we% 1o owelX f kgfm3 i owr® | malkg vald | owalX
MAFHTHA g0-150; S22 1 a74 T34 {022t 230 &.7
G0-175F 142 i 1335 § 143 (00233 233 a3
100-150; 532 1.00 T35 {00263
Cutz | Yield | ield iDen15°C % REH : Emoke | Acidity i Cetane iFrecoe PE Maphta i Aro. © Sagbalt Vise cEr Flash
KERCOSEME T whX wal % ¢ kgfm3 ! wtX i malkg ! Point @ malg zale - wal% wval¥ i Caolor ¢ SO0°C Paint
150-230; 277 § 1082 158 013 26 B 5.2
175-230; 657 .21 T3z 0240
150-250: 12,40 ;| 1362 ™ 0230
Cuts Tield § “ield iDen 1572 ® Anilin { Cetane | Cetane iCloud P CFPP : Pour PriVisc o3 Vise c3t KUOP § Flash
Gas0IL i wt¥ vol % | kafm3 | wek Paint 'C calc C C o] SO 00T Faint
175-400: 3163 § 3274 &4 066D 54 -4 -5 -13
230-40C 2512 ; 2553 &55 0505 54 -1 -3 -5
230-3T% 2153 § 2202 &50 0723 54 -5 -5 -1
Cutz | Yield § ield iDen 135G % Conrad.: Anilin i W Total Wi Bas M i Pour PriYisc ot Vize o2t KUOP | Azp CT
Wacuur c wk% 1 owalX i kgfm3 i owek wt%  iPaoint G mg'kg i mg'kg i wtN | malkg c 100G | AS0C wh R
DISTILLATE  §375-5500 2275 i 2157 a7 157 0.20 0L065E | 0.0300 1.3t
STE-5E5 2466 1 23321 913 161
3TE-550; 2654 1 2504 1 92 164
A00-550 2295 | 2152 1 927 110
Cuts § Yield | Yield Den 158G % Conrad.; AsphCh M ¥ Tatal M Pene § Pour PrEVise of Vise ot Asp CT
RESIOUE = Wk wvol X | ka'm3 ] weX Wk Wi malka i ma'kg Wk = 100§ 150°C Wi
=375 1 5454 4326 G2 2.50 22 13 21 &6
=550 31TH P 2763 833 347 15.2 36 32 0.3430 62 1260 0.0
=565 | 2385 ¢ 25594 1 100 a.24 1760
=580 2500 2422 ¢ 1005 332 2520
"Estimated value TOTALDTS ¢ A Fob-1z




APPENDIX B: BLENDING CORRELATIONS

B.1 Average density

The average density of a blend of petroleum oils may be calculated by the following
equation (Gary, 2004):

DBLEND=(EFS*PDS)/(2FS)) Viel, pEPF,
The average density property of the blend represented by D,, .., is the product of the

sum of all the volumetric flows of streams (s ), and the density of streams (s ) divided by
the volumetric flow rate E F,.

B.2 Average sulphur content

The average sulphur content of a of blend of petroleum oils may be calculated by the
following equation (Gary, 2004)

SBLEND = ( EFs *PDS *PSS)/(EFS *EPDS)

The average sulphur content of the blend represented by S,, ., is the product of the
sum of all the volumetric flows of streams (s ), and the density of streams (s ), and the
sulphur weight percent of streams (s ) divided by the total volumetric flow rate E F .
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