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ABSTRACT

The objective of this thesis is to develop a molecular-level kinetic model for the

upgrading of residual oil in an environment of supercritical water. The Kinetic Mod-

eler’s Toolbox software, developed by the Klein research group, is used to make this

kinetic model. A rank zero reaction network is created. This is necessary to limit

the number of model compounds. The reaction network contains four major chem-

ical pathways: pyrolysis, hydrolysis, aromatization and coking. The entire network

consists of 10025 reactions between 2894 components. Besides creating a reaction

network, formats for the rate laws are constructed. Because the system is in a pseudo

single phase and no catalyst is used, the underlying principle for the rate laws is mi-

crokinetics. Supercritical water has three different solvent effects: solvent cage effect,

the effect of the dielectric constant and the water-oil phase behavior. These solvent

effects are incorporated into the rate laws. Due to the unavailability of product data

for supercritical water upgrading of residual oil in literature, tuning of the kinetic

parameters is not done in this thesis. Instead, two molecular representations of feed

streams are made. One of them is a molecular representation of residual oil. This

is done in order to show that the chosen model compounds can model a residual oil

feed stream. The other is a molecular representation of VGO. VGO is a subset of

residual oil, that contains the more volatile compounds. For VGO a product data

set for supercritical water upgrading is available in literature. Kinetic parameters

are tuned, such that the simulated properties of the output of the kinetic model are

close to those reported in literature. This is done in order to show that the reactions,

in the reaction network, and the format of the rate laws represent the physical and

chemical phenomena that occur in supercritical water upgrading of oil fractions.
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Chapter 1

INTRODUCTION

Energy is one of the main pillars of modern society. Utilization of available energy

sources made it possible for our modern society to develop. But energy consumption

also has negative aspects. Combustion of fossil fuels in large amounts is one of the

main causes of global warming on our planet. A gradual transition towards more

renewable energy sources is required in order to stop this phenomenon. Massive

improvements have been made in the last few decades regarding renewable energy

technologies. Predictions regarding the global energy consumption made by US En-

ergy Information Administration are shown in Figure 1.1 [1]. It shows that however

renewable energy has the biggest growth trajectory for the coming decades, hydro-

carbons and especially petroleum-based products remain the main source of energy.

Figure 1.1: Predictions of the global energy consumption by energy source [1]

Crude oil reserves are finite. Extracting of conventional (light) feedstocks becomes

harder and more expensive every year. Because of this, there is a growing interest in
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extracting heavier forms of crude oil [2]. These heavier feedstocks contain a larger

amount of the fraction called residual oil. This fraction is a lower value product

that needs upgrading in order to be converted into useful products. As more heavier

feedstocks are extracted, there is a growing supply of residual oil. This creates

economic opportunities and increases the interest to find better and less expensive

upgrading techniques. Upgrading of residual oil has two main goals. One is to crack

the heavy molecules into smaller, low-boiling molecules that can be used as an energy

source. The other is to remove the hetero-atoms (sulfur, nitrogen, and metals) in

order to limit the production of toxic gasses during combustion. Experiments have

indicated that supercritical water treatment has interesting characteristics for the

upgrading of residual oil [3]. The exact phenomena behind these findings are still

not clear. Therefore, more research, especially on the molecular level, is required in

order to fully understand what mechanisms cause these interesting findings and to

discover the full capacity of supercritical water treatment. This thesis describes the

development of a molecular-level kinetic model for supercritical water upgrading of

residual oil. Developing such a model creates more insight in the phenomena that

are occurring on the molecular level. Once the model is fully developed and all its

parameters are tuned, it can be used in order to predict better operating conditions

to optimize the upgrading process.
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Chapter 2

OBJECTIVES AND METHODOLOGY

The goal of this thesis is to develop a representative, molecular-level reaction net-

work of the reactions occurring in a system where residual oil is upgraded in an

atmosphere of SCW. The developed model should be able to simulate a supercritical

water upgrading process within one minute. This is done by using the Kinetic Mod-

eler’s Toolbox (KMT). This is software, developed by the Klein Research Group, to

do kinetic modeling of complex chemical systems on a molecular level. The entire

toolbox consists of multiple software packages which are used in different stages of

the model development.

First, a selection of reaction families is made based on literature [4, 5, 6, 7, 8, 9, 10,

11, 12, 13]. These reaction families represent all possible chemical reactions that are

included in the model. Based on the chosen reaction families a selection of model

compounds is made to represent the feed and the product. Combining the reaction

families with the model compounds in the Interactive Network Generator (INGen)

software creates a reaction network.

Subsequently, the mole fractions of the model compounds are determined in order to

represent the reactant stream. This is done by using the Initial Condition Generator

(ICG) software. The mole fractions for the different components and the associated

properties of the stream are simulated by ICG. The set of mole fractions, which

matches the experimental data found in literature [14, 15] best, will be used as a

representation of the reactant stream.

Finally, the list of reactions generated by INGen, the composition of the reactant

stream generated by ICG and chosen formats for the reaction rate laws are combined

in the Kinetic Model Editor (KME) software. This software solves the mathematical

3



equations, that represent the change in concentrations due to chemical reactions, for

a specified reactor type and reactor conditions. KME can be used to simulate the

output of a chemical system if all the input parameters are known. KME can also be

used to determine the numerical values for unknown input parameters that match

experimental data points best.

Ideally, a complete data set is available which contains extensive data about a resid-

ual oil stream before and after SCW upgrading. This data set could then be used to

determine the mole fractions of the model compounds for the feed stream in ICG,

and the numerical values for the input parameters in KME. Unfortunately, this data

is not available in literature. Therefore, a different approach is taken. Data regarding

the properties of a residual oil stream before SCW treatment is available in litera-

ture. This data will be used in ICG to determine the mole fractions of the model

compounds that match the feed stream. Tuning of the kinetic parameters in KME

will not be done in this thesis. In order to validate that the reaction network and the

chosen model compounds are representative, a second data set is used. This data set

contains data about vacuum gas oil (VGO) before and after SCW treatment. VGO

is a subset of residual oil that contains more volatile compounds. Using the same

reaction network and model compounds, a second model is made in ICG which rep-

resents the VGO feed data. This stream is used in KME. The simulated properties of

the SCW treated VGO stream are compared to the experimental data. Comparison

of simulated-and experimental data indicates that the developed model contains the

necessary chemistry to simulate the observed trends.

Chapter 3 contains background information regarding residual oil, conventional oil

upgrading techniques and SCW upgrading. Chapter 4 will discuss the importance of

(molecular-level) modeling and individual software packages of the KMTmore deeply.

Chapter 5 gives an overview of the model equations which describe the change in

concentration of the model compounds. Chapter 5 also contains the formats of the

rate laws, necessary to close the model equations and make them solvable. Chapter

6 shows how the KMT is used in order to develop the reaction network for the SCW

4



upgrading of residual oil. It also discusses the results of the modeling process. In

Chapter 7 the conclusions of the modeling process are made. Chapter 8 highlights

the questions that still have to be answered in future work.
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Chapter 3

BACKGROUND

3.1 Residual Oil

Residual oil, or residue, is defined by Murray R. Gray in 1994 in his book ’upgrading

petroleum residues and heavy oils’ as the fraction of petroleum, heavy oil or bitu-

men that does not distill under vacuum. This corresponds to the fractions that have

atmospheric boiling points of over 525 °C [2]. Note that this is not a universal defini-

tion. The book ’Oil Sands, Heavy Oil, and Bitumen: From Recovery to Refinery’ by

Dwijen K Banerjee refers in 2012 to residue as the fractions that have an atmospheric

boiling point above 535 °C [16]. 10 To 30 % of all crude oil consists of residual oil

[2]. This section takes a closer look at the molecular structures that are present in

residual oil.

3.1.1 Composition of Residual Oil

The chemical composition of residue varies depending on the source of crude oil.

Table 3.1 gives an example of elemental compositions of residual oil originating from

crude oil extracted from two geographical locations.

Table 3.1: Hetero atom content residual oil originating from different geographical
locations [2, 17]

location molar ratio wt % ppm
H/C S N O Ni V

Lloydminster (Canada) 1.47 4.69 0.53 0.99 140 190
Ishimbai (Russia) / 3.9-5.25 0.61-1.01 2.76-3.69 / /

The hydrocarbon fraction of residual oil can be subdivided in different class fractions

(saturates, aromatics, resins, and asphaltenes). These class fractions are based on

6



solubility and adsorption characteristics. Saturates are soluble in n-pentane, and do

not adsorb in a column chromatograph. Aromatics are soluble in n-pentane, and

they adsorb from the solution to silica or alumina. Resins are soluble in n-pentane,

and they adsorb from the solution to silica gel or clay. Asphaltenes are insoluble

in n-pentane and soluble in benzene [2]. Table 3.2 gives an example of the class

fractions of residual oil originating from crude oil extracted from two geographical

locations.

Table 3.2: Class fractions residual oil originating from different geographical locations
[2, 17]

Location wt%
Saturates Aromatics Resin Asphaltene

Lloydminster (Canada) 15.4 6.4 58.2 19.9
Ishimbai (Russia) 40.93 29.8 14.95 14.10

Further specification of the composition residual oil can be done by identifying which

chemical structures (=functional groups) are present within the mixture. The fol-

lowing subsections discuss the different chemical structures that are found in residual

oil.

3.1.1.1 Aromatic Compounds

In general, these compounds consist of clusters of aromatic rings which are connected

by alkyl chains of varying lengths. The number of aromatic rings in a cluster varies

and depends on the conditions the residual oil has encountered in the past. Aromatic

groups in unprocessed residues contain mostly up to three rings while in processed

residues they can contain up to ten aromatic rings depending on the processing. The

length of the alkyl chains has a normal distribution [2]. Figure 3.1 shows an example

of an aromatic compound.

3.1.1.2 Hydrogenated Aromatics

These compounds are very similar to the ones described in paragraph 3.1.1.1. The

difference is that some, but not all the aromatic rings are hydrogenated [2]. Figure

7



Figure 3.1: Example of an aromatic compound

3.2 shows an example of a hydrogenated aromatic compound.

Figure 3.2: Example of a hydrogenated aromatic compound

3.1.1.3 Naphthenes

Naphthenes consist of fused, non-aromatic rings. The maximal number of fused rings

in a group in residue molecules is six [2]. Figure 3.3 shows an example of a naphthene.

Figure 3.3: Example of a naphthene

3.1.1.4 Paraffins

Paraffins occur in two forms: straight-chain or branched. Low carbon paraffins are

not present in residual oil [2]. The lowest paraffin carbon number found in [17] is 12.

Figure 3.4 shows an example of a paraffin.
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Figure 3.4: Example of a paraffin

3.1.1.5 Sulfur Compounds

Besides hydrocarbons, sulfur is the most abundant element in residual oil. It is

present in multiple forms. In general, these forms can be subdivided into two groups:

easy sulfur and hard sulfur.

Easy sulfur can be easily removed from the residual oil. It is present as a sulfide,

thioether, disulfide, sulfoxide or thiol [2]. Figure 3.5a shows a molecule containing

an easy sulfur group.

Hard sulfur is hard to remove from residual oil. It requires aggressive environments

(like hydroprocessing) in order to be removed. IT is present in thiophene and thio-

phene homologs [2]. Figure 3.5b shows a molecule containing a hard sulfur group.

(a) 3,5-diethyltetrahydro-2H-thiopyran
(b) Dibenzothiophene

Figure 3.5: Molecules containing easy and hard sulfur groups

3.1.1.6 Nitrogen Compounds

Residual oil contains two major types of nitrogen compounds: Nonbasic derivates of

pyrrole and basic derivates of pyridine. Figure 3.6 shows both components. Both

components require very aggressive environments in order to be removed. [2]
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(a) Pyridine (b) Pyrrole

Figure 3.6: Pyridine and Pyrrole

Amines are not present in natural residual oil, but they are observed in the products

of a thermal refinery. They are formed as products of degradation of higher molecular

weight, nitrogen-containing compounds. Because of this, there will be a small fraction

of primary and secondary amines present in residue coming from a thermal refinery

process [18]. This is important regarding the supercritical water upgrading because

amines form reactive sites for the hydrolysis reaction that occurs in supercritical

water.

3.1.1.7 Oxygen Compounds

Oxygen is present in furan homologs, ethers, carboxylic acids, ketones, and aromatic

hydroxyl groups. Out of all heteroatoms present in residue, oxygen is the one that is

the least investigated [2]. This is mainly because of two reasons. First, oxygen does

not produce highly toxic or polluting gasses during the combustion of the residue

products (in contrast to sulfur). Second, oxygen does not poison refining catalysts

or does not cause unwanted deposits (in contrast to nitrogen). [19]

3.1.1.8 Metals

Metals can be found in two organic forms. First, there are porphyrin metals. These

metals are chelated in porphyrin structures. Second, there are nonporphyrin metals.

These metals are thought of to be associated with the polar groups present in as-

phaltenes [2]. Figure 3.7 shows an example of a porphyrin metal compound. It can

be seen how the metal atom (M) is chelated by the four pyrrole groups.

10



Figure 3.7: Example of a porphyrin metal compound

3.2 Upgrading of Residual Oil

As indicated above, residual oil is a complex mixture of many kinds of functional

groups. In order to covert this crude mixture into a useful and clean fuel, upgrading

processes are required.

Initially, the residual fractions were mostly used to produce asphalt [2]. As oil reserves

shrink, heavier feedstocks are used to supply the growing demand for hydrocarbons.

These days almost 70% of all fossil resources in the world are heavy oils [20]. These

heavier feedstocks contain a larger fraction of residue (around 40%) [2]. Therefore,

there has been a growing interest in upgrading these fractions to more valuable

products over the last 30 years. Economic factors like the price of crude oil and

the refinery cost play an important role in the economic feasibility of this upgrading

process. [20]

Upgrading in general has three major objectives:

1. Converting large, high-boiling molecules into smaller, more volatile molecules
[9, 16].

2. Decreasing the hetero atom content (mainly sulfur and nitrogen) [9, 16].

3. Changing the molar H/C ratio. Initially, this value will be around 1.5. The
target value depends on the application of the final product. Diesel and jet
fuels require high a H/C ratio (higher than 1.8), while for gasoline a H/C
ration between 1 and 1.5 is desirable [9, 16].

In general, upgrading occurs in two phases.

In a primary phase, the residual oil undergoes a thermal or catalytic cracking treat-

ment. This step lowers the heteroatom content and increases the number of small
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molecules.

In a secondary upgrading phase, hydroprocessing is done. This is done in order to

give the upgraded oil (from here on called syncrude) the required refinery feedstock

specifications. In general, the heteroatom and metal content is lowered further, and

aromatic compounds are saturated. [9, 16]

SCW treatment is an alternative for the primary upgrading phase. Therefore, an

overview is given of the currently used technologies in this upgrading phase.

3.2.1 Conventional Technologies

Small organic molecules have more C-H bonds than large organic molecules for the

same amount of carbon atoms. Therefore, if large molecules are cracked to smaller

molecules, the H/C ratio of the cracked fraction must increase. This can be done in

two ways:

1) Carbon rejection:

This technique separates the residual oil into a fraction that has a higher H/C ratio

and a fraction that has a lower in H/C ratio. Residual oil mainly consists of cyclic

cores connected by alkyl chains. Thermal energy is used to separate the alkyl chains

from the cyclic cores by thermal cracking. When the alkyl chains are cracked of the

cyclic cores, a chemical bond is broken. Because the total amount of chemical bonds

must remain constant, a double bond is induced in the alkyl chain, which creates

an olefin. This makes the alkyl chain more carbon-dense (more hydrogen deficient).

The olefins are cracked further into smaller olefins. Part of the olefins are added to

the cyclic cores. The olefins that are not added to the cyclic cores are the fraction

with the high H/C ratio and can be further upgraded to a valuable product. The

olefins that are added to the cyclic cores will undergo cyclization and aromatization.

Through this process, the olefins become part of the cyclic cores which makes the

cores grow. Eventually, the cyclic cores become so large and fully aromatized. These

large, carbon-dense molecules are called coke. Coke is a low-value waste product.

[16]
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The main advantage of this technique is that no external hydrogen source is required,

which makes this technique economically attractive. The main disadvantage is that

part of the organic fraction is degraded to the lower value product coke. [16]

The most commonly used technologies that use this principle are coking, delayed

coking and flexicoking [16].

2) Hydrogen addition:

This technique adds hydrogen gas to the residual oil at high pressure and temperature

in the presence of a catalyst. Note that this refers to a primary upgrading technique

in which hydrogen gas is used. This can be mistaken for the hydroprocessing step

which is done as a secondary upgrading step as described in section 3.2. Initially, the

alkyl chains are cracked of the cyclic cores as described in the previous technique.

Note that this is the same thermal process, so the catalyst does not play a role in this

reaction. The cracked products (cyclic cores and olefins) are then hydrogenated by a

catalytic reaction. The aromatic rings are saturated, the saturated rings are opened,

and the olefins are saturated into paraffins. By adding hydrogen, the coke formation

is lower than with the carbon rejection techniques. Coke mainly gets formed because

of the presence of asphaltenes in residual oil. Asphaltenes contain large cyclic cores,

which will still get turned into coke. This is an issue because the coke deposits on

the catalyst, which deactivates the catalyst. Also, the present metals can deposit on

the catalyst, causing deactivation. Because of the deactivation problem, almost all

currently used technologies make the catalyst move through the reactor such that it

can be regenerated and used again. By doing this the deactivation inside the reactor

remains limited. [16]

The main advantage of this technique is that the loss of hydrocarbons to coke is

limited. The main disadvantage is that this technique is more expensive because it

requires hydrogen gas which is an expensive raw material. [16]

The most commonly used technologies that use this principle are Moving-bed hydro-

cracker, Ebullated-bed hydrocracker, and Slurry-phase hydrocracker. [16]
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The conventional primary upgrading techniques both have a disadvantage. Exper-

iments indicate that SCW upgrading cause less coke formation, without requiring

hydrogen gas [3, 21, 22]. This is an interesting observation from an economic point

of view. More useful product can be generated without an increase in production

cost. Experiments also indicated that the upgraded products coming from SCW up-

grading have better properties than those coming from carbon rejection techniques.

However, the underlying mechanism which causes these promising results is still not

identified. This asks for more research being done on this technique to understand

the mechanism in order to fully exploit the possibilities. [3]

3.2.2 Supercritical Water Treatment

Supercritical water is water at a pressure and temperature higher than its critical

values. The phase diagram in figure 3.8 shows the critical point and the supercritical

region.

Figure 3.8: Phase diagram water [23]

At these high pressure and temperature values, the fluid is in the supercritical phase.

This is a state where there is no clear distinction between liquid and vapor. Because

of that, supercritical water is a medium which has unique properties. It combines

liquidlike and gaslike behavior. It has a high ion product (liquidlike), and a low

dielectric constant and high diffusivity (gaslike) [24]. Around the critical point, the

fluid properties are very sensitive to variation in pressure or temperature. Besides

the unique combination of properties, SCW also has the ability to act simultaneously
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as a solvent and a reactant [10].

This unique combination of properties makes SCW an interesting medium for the

upgrading of all kinds of oil. Due to the high temperature and high water concentra-

tion, two upgrading reaction mechanisms occur in parallel: hydrolysis and pyrolysis.

Both reactions convert high boiling molecules into more volatile molecules. On top

of that, the hydrolysis reaction occurs at heteroatoms locations and will remove some

of the heteroatoms. This is of major interest for upgrading purposes. [20, 24]

3.2.2.1 Role as a Solvent

SCW influences the rate of reactions due to its solvent effects. All three solvent

effects are explained in this subsection.

Effect of the dielectric constant

Changing the pressure or temperature will not only affect the water concentration,

but also the solvent properties of water. One important solvent property is the dielec-

tric constant. This will influence the rate of certain chemical reactions by influencing

the electrostatic part of the activation energy. Reactions that have transition states

that are more polar than the reactants will occur faster when the dielectric constant

is higher. This is because a higher dielectric constant stabilizes the transition state

more than the reactant [25]. The dielectric constant of SCW is very sensitive to

the pressure near its critical point. Because of this, certain reaction pathways (that

don’t need to include water as a reactant or product) can be promoted/suppressed

by altering the pressure. [10]

Cage effect

The presence of a solvent makes it more difficult for compounds to move. The

reactants and products move through the solvent by diffusion. The denser the solvent

(the more liquidlike) the harder it gets for them to move. This makes it harder for

reactants to ’meet’ each other and react, and for products to leave the reaction site

(and therefore avoid reverse reaction). This phenomenon is described as the cage

effect. [26]
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Phase behavior of SCW-oil mixtures

The phase behavior of the water-oil mixture changes depending on the water density.

Figure 3.9 shows two phase diagrams for a water-oil mixture for different water/oil

ratios. The part of the phase diagram that is of most interest is the border between

the partially miscible two-phase region and the pseudo single-phase region. SCW

upgrading occurs at temperatures of 643 K and higher. Therefore, depending on

the water to oil ratio, part of the SCW upgrading process might be in the two-phase

region. This has major consequences for the coke production during the upgrading

process. In a two-phase system, the water phase contains part of the molecules of the

oil mixture. Far away from the border with the pseudo single phase zone, only the

lightest fractions of the oil molecules will be in the water phase. As the temperature

is increased (approaching the pseudo single phase region) more heavy molecules get

transferred to the water phase, until finally, the composition of the oil fraction within

the water phase is almost that of the residual oil. The only molecules that are still

present in the oil phase are the very heavy asphaltene molecules. [27]

For SCW upgrading the pseudo single phase region is most favorable to operate. The

part of the partially miscible two-phase region close to the border with the pseudo

single phase region should be avoided. This has two main reasons: One is that as-

phaltene conversion is slowed down strongly in the two-phase region. The second is

that coke production is strongly promoted in the two-phase region.

In the partially miscible two-phase region, the oil phase is rich in asphaltene molecules.

In order to dealkylate these molecules, a C-C bond must be broken to form radicals.

This requires, relatively to H abstraction, much more activation energy. The high

viscosity of the oil phase makes diffusion hard for the aromatic radical and the olefin

molecule. This favors in situ β-scission, creating locally elevated concentrations of

olefins and methylated aromatics. This induces locally elevated concentrations of

coke precursors and therefore will lead to high coke production.

In the pseudo single-phase region, all molecules are present in one phase which is

characterized by a high diffusivity. Therefore, mass transfer limitations are no longer
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present. Creating asphaltene radicals can now be done by H abstraction between

other carbohydrate radicals and asphaltene molecules. This requires less activation

energy and will, therefore, speed up the conversion of asphaltenes. The created

aromatic radicals can diffusive away from the reaction site and get saturated by H

abstraction with any other carbohydrate molecules. This avoids the creation of zones

with elevated coke precursor concentrations and therefore suppresses coke production

compared to the two-phase system. [27]

(a) Weight water/oil ratio of 1/4 (b) Weight water/oil ratio of 1/2

Figure 3.9: Phase structure of the residual oil-water mixture for different oil to water
ratios [27]

3.2.2.2 Role as a Reactant

Besides influencing the rate of the reactions due to its solvent effects, SCW allows

for a a new type of reaction to take place, hydrolysis. The solvent reacts via a nucle-

ophilic attack on a saturated carbon atom. This carbon atom needs to be attached

to a leaving group which contains a hetero-atom. The rate of hydrolysis reaction

increases more than linear with water concentration. This is because there are two

effects influencing the rate of hydrolysis. First, there is an increase in rate because

the concentration of one of the reactants increases. Second, the increase in water

concentration also increases the second order reaction rate constant due to the sol-

vent effect. This is because the hydrolysis reaction goes through a polar transition
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state, which is more stabilized in solvents which have a higher dielectric constant

(corresponds to a higher water concentration). Because hydrolysis is a parallel re-

action pathway beside the thermal cracking (pyrolysis) reactions, the overall rate of

reaction is higher than in a system without SCW (neat pyrolysis). [10]

3.2.2.3 Reasons to Investigate Supercritical Water Upgrading

The goal of upgrading residual oil is to convert as much as possible to high-value

products for the lowest possible price. As indicated at the end of subsection 3.2.1,

experiments have shown promising results for SCW treatment. The mechanism

behind these findings is still not clear. As described in subsection 3.2.2, there are

four main differences between pyrolysis in SCW and neat pyrolysis. The influence of

the dielectric constant, the cage effect, the phase effect, and the hydrolysis reaction

pathway. It is most likely that one or more of these phenomena are responsible for

the observed results. Developing a molecular-level kinetic model creates a deeper

insight in the phenomena that are occurring on the molecular scale. The model itself

can also be used in an industrial setting to find better operating conditions or reactor

settings to make more use of the interesting characteristics of SCW upgrading.
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Chapter 4

MOLECULAR-LEVEL KINETIC MODELING & THE KINETIC
MODELER’S TOOLBOX

This chapter discusses the importance of developing a kinetic model at the molecular

level. The general structure and the types of molecular-level kinetic models are

explained. The final paragraph discusses the software tools that are used during the

model development.

4.1 Motivation for Molecular-level Modeling

Molecular-level modeling has many advantages over lumped modeling. In lumped

models, many molecules are lumped together in one category, mainly determined by

a physical property such as boiling point or solubility. The reaction network describes

the transition from components in one lump to another. These models are simple and

require low computational power, but they are also limited in functionality because

they do not describe the actual chemistry. Lumped models also do not contain any

information on what molecules are exactly present within the categories. Better

models are required in order to improve product quality and meet environmental

requirements. This in combination with developments in analytical chemistry and an

increase in computational power paved the way for molecular-level kinetic modeling.

In the case of SCW upgrading, there is the extra motivation of getting a deeper

understanding of the process as explained in paragraph 3.2.2.3. [28]

A literature study is done in order to examine what kind of kinetic models were

already made for SCW upgrading of oil. Two papers are found that discuss a kinetic

model for SCW upgrading of oil:

1. "Heavy oil upgrading in the presence of high density water: Basic study" by
Masaru Watanabe, Shin-nosuke Kato, Satoshi Ishizeki, Hiroshi Inomata and
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Richard Lee Smith Jr. Published in 2010 [29].
This study developed a lumped kinetic model with three pseudo components:
Maltenes, Asphaltenes and Coke. The kinetic parameters are determined for
discrete values of water densities.

2. "Upgrading of crude oil in supercritical water: A five-lumped kinetic model"
by Dongxiang Zhang, Zhong Ren, Die Wang and Kun Lu. Published in 2017
[30].
This study developed a complete kinetic model, with the determination of the
kinetic parameters. The kinetic model is a lumped kinetic model which contains
five pseudo components: Saturates, Aromatics, Resins, Asphaltenes, and Coke.

Multiple sources report a molecular-level kinetic model of one or a couple of model

compounds that undergo supercritical water upgrading [4, 10, 31, 32]. A kinetic

model that describes SCW upgrading of the entire mixture of compounds that are

present in residual oil, on the molecular level, could not be found in literature. The

reasons highlighted above what benefits can come from having a molecular-level

kinetic model, and the absence of any kind of molecular-level kinetic model for SCW

upgrading in literature form a strong motivation for this thesis research.

4.2 General Structure of Molecular-level Kinetic Models

Figure 4.1 gives the general structure of a molecular-level kinetic model. Based on

experimental data of the feed stream, a selection of model compounds is made to

describe the feed stream. A stochastic approach is used in order to determine the

mole fractions of the different model compounds. In order to do so, software is used

that simulates the properties of a mixture of molecules. The simulated properties

of the molecular representation of the feed stream are matched to the experimental

data that is available. Next, a reaction network is developed. The number of species

in chemical systems can easily be as large as 105. Because of this large number, it is

not possible to write down all reactions by hand. Therefore, kinetic models are based

on a few basic chemical principles. These basic principles are applied on all model

compounds together with certain restrictions. This results in the development of a

reaction network [33]. A reactor type is specified and for each type of reaction, a

20



format for the rate equation is chosen. This results in the description of the system

as a set of mathematical equations, the kinetics model template. A simulation is

done for the feed stream in a reactor type and process conditions which are the

same as for the available experimental data. This generates a product stream. This

mixture of products molecules is converted into product properties. These properties

are compared to the experimental measurements that are available. Tuning of the

kinetic model is done in order to make the simulated properties match as close as

possible to the experimental data. Once this is done, the molecular-level kinetic

model is finished and can be used to simulate the product properties for different

situations. Examples are different reactor conditions and a different feed composition.

[33]

Figure 4.1: General structure of molecular-level kinetic models

Within molecular-level modeling, there are two main categories: pathway-level mod-

eling and mechanistic-level modeling. Pathway-level models represent the system as

molecule-to-molecule transitions. These models track most of the observable species,

but neglect the non-observable intermediates. Because of this, pathways models re-

quire more a priori assumptions. For example, a rate-determining step is required in
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order to get a rate law expression. [28]

Mechanistic-level models go one step further and also track the intermediate species.

Because of this fewer a priori assumptions are required, but the complexity of the

models increases drastically. [28]

In this work, the simultaneous pyrolysis and hydrolysis of residual oil are described.

Residual oil is a very heavy fraction of hydrocarbons, carbon numbers can be as high

as 120. The amount of species and the number of rate parameter increases exponen-

tially with the carbon number for both pathway- and mechanistic-level models. The

mechanistic models have the downside that the ODE’s that describe the system are

very stiff. This is because of the fast reactivity of the intermediates compared to the

observable species. Pyrolysis is a reaction mechanism that occurs via free radicals.

Because of this, many components can be formed. Because of the very high carbon

number, the amount of species and intermediates is extremely high. All the above

reasons justify why a pathway-model is used in order to describe this system. On

top of that, the experimental data that is available is too limited for a mechanistic

model to be accurately tuned. [28]

4.3 The Kinetic Modeler’s Toolbox

The Kinetic Modeler’s Toolbox (KMT) is a software package, developed by the Klein

Research Group, to solve detailed molecular-level kinetic modeling problems. The

following sections discuss the different software packages that are included in the

KMT. The KMT software consists of four main software packages: Interactive Net-

work Generator (INGen), Property Generator (PropGen), Initial Condition Gener-

ator (ICG) and Kinetic Model Editor (KME). Each software package is used in a

different stage of the development of a kinetic model. How the different software

packages work together is illustrated in figure 4.2. In INGen a selection of model

compounds and reaction families are chosen. A reaction network is generated which

creates a list of species and a list of reactions between these species. The list of

species is loaded into ICG together with experimental data of the feed stream. In
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ICG the mole fractions are determined that minimize the difference between the

simulated properties and the experimental data. In KME a list of species, a list of

reactions, a reactor type, reactor conditions and formats of the rate laws are spec-

ified. This generates a set of ordinary differential equations (ODE’s) that describe

the chemical system. The set of inlet stream mole fractions generated by ICG are

the initial conditions necessary to solve this set of ODE’s. In order to get physical

and chemical properties for individual molecules, the PropGen software is used. The

KMT can be used in different ways. It can be used to do once-through calculations,

parameter estimation and goal seeking. [33]

Figure 4.2: Overview of KMT software packages

4.3.1 Molecular Representation

For INGen to develop a list of reactions, it should first read all the chosen model

compounds in order to find sites at which reactions can occur. In order to be able to

do this, the molecules must be represented in a standardized way. The molecules are

given by a NxN matrix called the bond-electron matrix. Each molecule that consists

of N atoms is converted into a bond-electron matrix. One molecule can be represented
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by multiple bond-electron matrices, but all these matrices can only be translated into

the string code of one molecule. KMT software creates these bond-electron matrices

from the molecule structure adjacency list. This is a representation of a molecule

where the atoms are located at vertices of a graph and the bonds between atoms

are the edges. In order to get a bond-electron matrix representation, each atom in

the molecule corresponds to the number of a row and column in the matrix. The

number that is at the intersection of a row and a column represents the number of

bonds between the two atoms in the molecule. For example, if at the crossing of row

3 and column 4 there is the number 2 in the bond-electron matrix, this means that

there is a double bond between the atoms corresponding to row/column numbers

3 and 4. An example of a bond-electron matrix is given in Figure 4.3. Note that

the bond-electron matrix is symmetric because the atoms listed in both rows and

columns are in the same order. The representation of a molecule as a matrix will

be used in the reaction network generator software (INGen) in order to determine

locations where certain reaction classes can occur. [33]

Figure 4.3: A bond-electron matrix representation of propane [33]
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4.3.2 Interactive Network Generator

The reaction network describes what kind of chemical reactions occur to the model

compounds. Even if only one reaction family (e.g. a cracking reaction) can occur,

this can lead to thousands of reactions occurring to of all the model compounds.

Note that the products of the first reactions (rank 1 products) can undergo a second,

third,... reaction. Therefore, creating a complex reaction network by hand is not

possible. The interactive network generator (Ingen) uses reaction families that can

be applied to a specified set of the model compounds. A reaction family is a set of

reactions that have the same bond transformation during the reaction. An example

of a reaction family is ’Midchaincracking’. This reaction breaks the bond in the

middle of an aliphatic carbon chain and creates two new chains. One of the new

molecules contains a double bond. This reaction can happen to a lot of different

molecules, resulting in a lot of different reactions. But all these reactions fall under

the same reaction family. In order to describe thousands of reactions, one usually

needs only up to 10 reaction families. A reaction family can be applied to all species

in the system, but it could for example also be restricted to only happen to paraffins.

[33, 34]

Ingen looks for reactive moieties within the model compounds for each reaction fam-

ily. As described in subsection 4.3.1 the model compounds are represented as bond-

electron matrices. Ingen searches for a specific chain of atoms and bonds in these

matrices that represents a site where reaction may happen. Once it has found such a

location, Ingen executes the reaction by doing a set of matrix operations. The bond-

electron matrices of the reactants are combined into the augmented reactant matrix.

This augmented reactant matrix is then permuted so that the atoms that are actively

involved in the bond transformations of this reaction are arranged in the upper left

corner of the matrix. The section of the permuted reactant matrix that contains

the actively involved atoms is cut out of the permuted reactant matrix, forming the

reduced reactant matrix. Then algorithms are performed on the reduced reactant

matrix to ensure that it is always arranged in the prescribed manner. Because of
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this, the reaction itself can be represented as a single reaction matrix (corresponding

to a reaction family), regardless of the exact structure of the reactants. A matrix

addition between the modified reduced reactant matrix and the reaction matrix is

done resulting in the reduced product matrix. The reduced product matrix is then

inserted in the upper left corner of the reactant matrix (replacing the elements of the

reduced reactant matrix), forming the product matrix. The product matrix is ana-

lyzed and converted into the bond-electron matrices of the reaction products. Figure

4.4 show the matrix operation occurring in the hydrocracking reaction of propane to

methane and ethane.[33, 34]

After the reaction has taken place and the products are identified, Ingen stores the

reaction and continues to look for more reaction possibilities [34].

In systems where a lot of reaction families are occurring and different kinds of model

compounds (different functional groups or different types of bonds) are present, it

may be necessary to add limitations to the reaction families. This might be because

certain reaction families should only occur to specific molecules, or to limit the

number of different molecules that are formed and therefore the complexity of the

kinetic model. There are four kinds of limitations that can be given to a reaction

family:

1. Limitations on the kind of reactant molecule: e.g. a reaction family may only
occur on normal olefins.

2. Limitations on the number of certain structures present in the reactant: e.g. a
reaction family may only occur on molecules that have minimal 5 and maximal
15 carbon atoms.

3. Limitations on the number of certain structures present in the product: e.g. a
reaction family may only occur when the formed product has minimal 0 and
maximal 2 double bonds.

4. Limitation on the product rank: e.g. a reaction family may only occur at
molecules that are rank 1 or lower.
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(a) The bond-electron matrices of the re-
actant (propane and hydrogen)

(b) Augmented reactant matrix

(c) Permuted reactant matrix

(d) Matrix addition between reduced reac-
tant matrix and reaction matrix

(e) Permuted product matrix

Figure 4.4: Matrix operation for the hydro cracking of propane to methane and
ethane [33]
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4.3.3 Property Generator

Most oil-derived mixtures are highly complex. Experimental data on the concentra-

tion of every component is usually not available and is of less practical interest. Data

is available in the form of values for physical and chemical properties of the mixtures.

Examples of these properties are boiling point, melting point, viscosity index, cloud

point, density, sulfur content, nitrogen content,... Process chemists-and engineers

are usually interested in properties like octane number, cetane number, pour point,

smoke point, freeze point, cloud point, diesel index, refractive index, viscosity index,

and sulfur and nitrogen content. Because these properties indicate the combustion

quality and so the value of their product. This indicates that the generation of

properties is an important step in the development of the kinetic model. [28]

The PropGen software generates thermodynamic properties such as boiling point,

free molecular volume, critical pressure,... For individual components by using the

Gani and Benson group contribution methods [35, 36]. These group contribution

methods give accurate results except for very small molecules like hydrogen, am-

monia, water, carbon dioxide, and hydrogen sulfide. For these small molecules, the

thermodynamic properties are manually added from the database in the book Chem-

ical, Biochemical, and Engineering Thermodynamics by Stanley I. Sandler [37]. The

pure component structural properties like carbon number, molecular weight,... are

directly derived from the bond-electron matrices in INGen. [28]

The properties for individual molecules generated by PropGen are converted into

properties for mixtures in ICG and KME by applying mixing rules.

4.3.4 Initial Condition Generator

In order to develop a molecular-level kinetic model, a molecular-level representation

of the feed is required. Usually, only bulk properties of the feed stream are available.

The Initial Condition Generator (ICG) generates mole fractions of a set of model

compounds. The bulk properties of this mixture are simulated and compared to the
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experimentally measured bulk properties. This is done by calculating a value for a

chi-squared objective function F.

F =
M∑
i=1

N∑
j=1

(
ymodelij − yexpij

ωj
)2 (4.1)

In Equation 4.1, ymodelij refers to the simulated property value for the inlet stream

for property i in data set j. yexpij Refers to the experimental data point value for the

inlet stream for property i in data set j. ωj Is a weighing factor for property j.

The mole fractions are changed until an ideal composition is determined which has

bulk properties that are as close as possible to the experimental data. This is math-

ematically represented as the mole fractions that minimize the value of the objective

function. [28]

In order to find the mole fractions that match the measured bulk properties, the feed

is represented in a statistical way. The molecules are viewed as a combination of

structural attributes (number of aromatic rings, number of naphthenic rings, num-

ber of alkyl side chains, etc.), each of which is represented by a probability density

function (PDF). An example of a PDF is given in figure 4.5. In this example, the

PIONA (normal-paraffins, iso-paraffins, olefins, naphthenes, and aromatics) charac-

teristics are represented as a cumulative PDF. Note that in this example the X-axis

is discrete. This type of PDF has n − 1 parameters, with n the number of bars in

the histogram. Each parameter is the weight of one of the bars. For quantities like

molecular weight, carbon number, ... a continuous cumulative PDF is created by

choosing a distribution and determining the parameters of this distribution based

on the experimental data. A gamma distribution is chosen to describe the contin-

uous PDF’s in this work. This is because the gamma distribution describes most

accurately the smooth distribution that is expected for these types of systems. The

parameters for a gamma PDF are the mean value and the standard deviation. [33]

A set of PDF’s is created, which can be represented as a tree structure. figure A.1 in

Appendix A gives an example of a simple PDF tree structure. Once the set of PDF’s
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Figure 4.5: Example of a PDF [33]

is created, they are used to create a molecular representation of the feed by doing a

Monte Carlo construction. A random number is chosen between 0 and 1. The number

is plotted on the y-axis of a PDF. This will correspond to a certain X coordinate. In

figure 4.5 this corresponds to aromatics. Based on the X coordinate there are more

following PDF’s to which random numbers are assigned. In figure A.1 the next PDF

is the number of aromatic rings, followed by the number of naphthenic rings and the

total carbon number. In the end, each Monte Carlo construction results in a final set

of constraints. For example a molecule with 3 aromatic rings, 2 naphthenic rings and

a total carbon number of 45. If there are multiple model compounds that satisfy these

constraints, one of them is randomly chosen. This simulation is done more than 105

times in order to create an accurate molecular representation of the feed stream. By

changing the PDF parameters, the mole fractions of the model compounds change.

Minimizing the value of the objective function is done by changing the values of the

PDF parameters. [28, 33]

4.3.5 Kinetic Model Editor

The Kinetic Model Editor (KME) is the last software package of the KMT. It com-

bines the output of the previously described software packages. KME can be used

in various ways, but the underlying mechanism is the same. KME solves the set of
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ODE’s that represent the change in concentration of the model compounds chosen

in INGen. In order to be able to do this KME requires six forms of input:

1. A list of reactions that occur between species.

2. A list of molar flow rates for all the molecules that occur in the reaction list.
These flow rates represent the molar flow rates of the input stream. This sets
the initial conditions for the component mass balance model equations.

3. Specification of the reactor type. This determines how the overall format of
the model equations looks like.

4. Specification of the reactor conditions. The pressure and temperature (pro-
files) in the reactor determine the values of thermodynamic properties that are
required to calculate parameters that go in the model equations.

5. Specification of formats for the rate laws. The rate of production/consumption
of a chemical species must be expressed as a function of concentrations, pres-
sure, and temperature.

6. Numerical values for the physical-and chemical properties of the molecules that
occur in the reaction list.

There are three modes in which KME can be used:

Mode 1: Once Through

This mode requires additionally the values for all kinetic constants in the chosen rate

law format. The composition of the outlet stream of the reactor is simulated.

Mode 2: Tuning

This mode requires additionally experimental data about the product stream. This

can either be data regarding the molecular composition or data regarding the physical

properties of the product stream. In this mode, KME will estimate the set of kinetic

parameters that go in the rate laws based on model predictions and experimental

data of the product stream. The estimated set of kinetic parameters are the ones

that minimize the value of an objective function. The objective function has the

same format as the one given in equation 4.1.

Mode 3: Goal Seeking

This mode requires additional values for all kinetic constants and experimental data

about the product stream. The general concept is very similar to the one of the
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tuning mode. The value of the objective function given in equation 4.1 is again

minimized. The minimization occurs by changing the operating conditions. This

mode is used to determine the ideal operating conditions in order to get a set of

specifications for the output stream.

Now all the used software packages have been explained, chapter 5 will give an

overview of the mathematical equations that are solved in KME.
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Chapter 5

MODEL EQUATIONS AND REACTION RATE LAWS

This chapter contains the general format of the mathematical equations that repre-

sent the kinetic model. Section 5.1 describes the general format of the component

mass balance equations. In order to be able to solve the component mass balance

equations, an expression for the reaction rate is required. Section 5.2 gives the reac-

tion rate expression for the different kinds of chemical reactions that occur.

5.1 Model Equations

The mathematical representation of a chemical system is given by its model equa-

tions. A complete mathematical model consists of one component mass balance for

each component and an overall energy balance. The general shape of the component

mass balance equations is determined by the type of reactor. As described in chap-

ter 2, there is no complete data set available that contains data on the upgrading of

residual oil in a SCW environment. Therefore, there is also no specification of a reac-

tor type. The data set that is available about the VGO upgrading in SCW, described

in chapter 2, contains experimental data from experiments in an isothermal batch

reactor. Therefore, the component mass balance equations that will be described

in this paragraph are for an isothermal batch reactor. Besides a batch reactor, the

KME software also allows simulation of plug flow reactors, continuously stirred tank

reactors, side stream reactors, semi-batch reactors, and radial flow reactors.

Equation 5.1 gives the component mass balance for a batch reactor.

dNj

dt
=

n∑
i

νijriV (5.1)
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With Nj the total amount of moles of component j, νij the stochiometric coefficient

of component j in reaction i, ri the reaction rate of reaction i per unit volume and

V the volume of the reacting system.

Because V is approximately constant for a pseudo single phase batch reactor, equa-

tion 5.1 can be simplified to:

dCj
dt

=
n∑
i

νijri (5.2)

With Cj the concentration of component j.

Because the used data source contains data for an isothermal reactor there is no need

to implement the overall energy balance.

5.2 Rate Laws

The set of equations given by equation 5.2 cannot be solved. An expression for the

reaction rate of reaction i (ri) in terms of the process conditions (pressure, temper-

ature, and concentrations) is required to solve the component mass balances.

In section 6.1 the different types of chemical reactions that occur in the system are

discussed in dept. This section discusses the format of the rate laws for each type

of reaction. The reaction network consists of four main types of reactions. Pyrolysis

reactions, hydrolysis reactions, dehydrogenation reactions, and coke formation reac-

tions. All four reaction types have a different format for their rate laws. Note that

no catalyst is used. Therefore, the derived rate laws originated from homogeneous

microkinetic rate laws which are modified to include the solvent effects of SCW.

5.2.1 Pyrolysis Reactions

This set of reactions includes all thermal cracking reactions. The general format for

the rate law is:

ri = ηApe
−Ep
RT Creactant (5.3)
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Ap Is the pre-exponential factor and Ep is the activation energy of the Arrhenius

equation. η Represents the efficiency factor due to the cage effect described in sub-

section 3.2.2.1. For the efficiency factor, a value can be calculated by using the

expression given in [26].

η =
1

1 +Da
(5.4)

Da Stands for the Damköhler number which is given by:

Da =
νp−1e

−E∗
−1

RT d2ab
3D12

(5.5)

In this equation T is the temperature, D12 is the diffusion coefficient, dab is the di-

ameter of the cage [26].

The diameter of the cage is taken proportional to the molecular diameter of the

reactant. Because the reverse reaction is a radical recombination reaction, the ap-

proximation is made to set the activation energy for the reverse reaction (E∗−1) equal

to zero. ν Is the vibrational crossing frequency. This is proportional to the tempera-

ture [38]. By combining all the constants into one constant K, the following equation

is obtained.

Da =
KTd2r
D12

(5.6)

With dr the molecular diameter of the reactant.

Values for D12 and dr are needed. dr Can be approximated by the cubed root of the

molecular volume of the reactant. This value will be off by a constant, but this can

be captured by changing the value of the constant K. The reason that the molecular

volume is used to calculate dr is that the PropGen software generates values for the

molar volume, which can easily be converted to the molecular volume (vr).

dr = (
vr
NA

)
1
3 (5.7)
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For D12 a correlation is found in [39].

D12 = 7.4 · 10−15
T
√
βM2

v0.6r η2
(5.8)

In this expression M2 is the molecular weight of water, which is equal to 18,01528
g
mol

[37]. η2 Is the viscosity of SCW and β is a constant equal to 2.6.

A value for the viscosity of the SCW is needed. This is found in [40].

η2 = η0 · η1 (5.9)

η0 =
η∗
√
T

3∑
k=0

ak

T
k

(5.10)

η1 = exp[ρ
5∑
i=0

4∑
j=0

bij(
1

T
− 1)i(ρ− 1)j] (5.11)

In these expressions, T is the reduced temperature and ρ is the reduced density of

water. These reduced quantities are the absolute quantities divided by the critical

temperature or density. For water these values are given in Table 5.1.

Table 5.1: Critical point water[37]

Tcrit [K] ρcrit [kg/m³]
647.3 322

The coefficients ak and bij are given by tables 5.2 and 5.3.

Table 5.2: Coefficients ak

a0 0.0181583
a1 0.0177624
a2 0.0105287
a3 -0.0036744
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Table 5.3: Coefficients bij

i= 0 1 2 3 4 5
j=0 0.501938 0.162888 -0.130356 0.907919 -0.551119 0.146543
1 0.235622 0.789393 0.673665 1.207552 0.0670665 -0.0843370
2 -0.27463 -0.743539 -0.959456 -0.687343 -0.497089 0.195286
3 0.145831 0.263129 0.347247 0.213486 0.100754 -0.032932
4 -.0270448 0.0253093 - 0.0267758 - 0.0822904 0.0602253 -0.0202595

For pyrolysis reactions, there are three kinetic parameters in the rate expression that

have to be determined: Ap, Ep and K.

Note that the reverse reaction is not explicitly present in the rate law. This phe-

nomenon is captured by the efficiency factor due to the cage effect. Because the

reaction products are in a cage between solvent molecules, the products must diffuse

out of the cage in order to avoid reverse reaction from happening. How fast the

diffusion of the products occurs compared to the reverse reaction is given by the

Damköhler number, which determines the value of the efficiency factor.

5.2.2 Hydrolysis Reactions

This set of reactions includes the hydrolysis reactions at hetero atom reactive spots.

The general format for the rate law is:

ri = khe
−Eh
RT CreactantCwater (5.12)

In this equation Eh is the activation energy in the Arrhenius equation, but kh is not

the pre-exponential factor. This is because the hydrolysis reactions are influenced

by the dielectric constant of the solvent as described in subsection 3.2.2.1. The

dependence is captured in the value for kh by the Kirkwood analysis found in [25].

log(kh) = log(k0)−
κNA

4πε0RT

ε− 1

ε
(5.13)

In this equation ε is the dielectric constant of the SCW, κ is an adjustable parameter,

ε0 is the permittivity of vacuum and k0 is the rate constant in a condensed medium
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with ε = 1.

A correlation is found in [41] that links the dielectric constant of SCW to the reduced

temperature and reduced density.

ε =
1 + A+ 5B +

√
9 + 2A+ 18B + A2 + 10AB + 9B2

4− 4B
(5.14)

A =
NAµ

2

ε0k

ρg

T
(5.15)

B =
NAα

3ε0
ρ (5.16)

In these equations NA is Avogadro’s number, µ is the dipole moment of water, k is

the boltzmann constant and α is the mean molecular polarizability of water. Table

5.4 gives the numerical values for these constants.

Table 5.4: Constants NA, µ and α [41]

NA 6.0221367 · 10−23 1
mol

µ 6.138 · 10−30Cm
k 1.380658 · 10−23 J

K

α 1.636 · 10−40 C2

Jm2

ρ Is the molar density of water, T is the temperature and g is a third variable. For

g there is a second correlation [41].

g = 1 +
11∑
k=1

Nk(
ρ

ρc
)ik(

Tc
T

)jk +N12(
ρ

ρc
)(
T

228
− 1)−q (5.17)

The coefficients that go in this correlation are given in Table 5.5. The constant q is

equal to 1.2.

For hydrolysis reactions, there are three kinetic parameters in the rate expression

that have to be determined: k0, Eh and κ.
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Table 5.5: Coefficients Nk, ik and jk [41]

k Nk ik jk
1 0.978224486826 1 0.25
2 -0.957771379375 1 1
3 0.237511794148 1 2.5
4 0.714692244396 2 1.5
5 -0.298217036956 3 1.5
6 -0.108863472196 3 2.5
7 0.949327488264 · 10−1 4 2
8 −0.980469816509 · 10−2 5 2
9 0.165167634970 · 10−4 6 5
10 0.937359795772 · 10−4 7 0.5
11 −0.123179218720 · 10−9 10 10
12 0.196096504426 · 10−2

The reverse reaction is not present in the expression for the rate law. To be com-

pletely correct a term representing the reverse reaction should be included. But

because this term is so small compared to the forward reaction this reverse term is

neglected. To indicate this, the equilibrium constant of a model reaction is calculated.

The model reaction is the hydrolysis reaction of dibenzyl ether to two benzyl alcohol

molecules. At a temperature of 650K (minimal temperature for SCW upgrading),

the equilibrium constant is equal to 2.124 · 106. The value for the equilibrium con-

stant increases with increasing temperature. Therefore, the assumption to neglect

the reverse reaction term is justified. The calculation of the equilibrium constant

can be found in appendix B.

5.2.3 Dehydrogenation Reactions

These reactions include the reactions in which naphthenic rings are dehydrogenized

and converted into aromatic rings. The general format for the rate law is:

ri = Ade
−Ed
RT Creactant (5.18)

Ad Is the pre-exponential factor and Ed is the activation energy of the Arrhenius

equation. SCWwill not have an influence on this reaction via one of its solvent effects.
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The reverse reaction in which an aromatic ring gets saturated requires hydrogen

partial pressures that range from 400 to 1200MPa to be significant [42]. The partial

pressure of hydrogen is so far from these values that the reverse reaction is neglected.

For dehydrogenation reactions, there are two kinetic parameters in the rate expres-

sion that have to be determined: Ad and Ed.

5.2.4 Coking Reactions

The format of the kinetic rate laws for coking reactions are still not fully understood

[43, 44, 45]. In the developed molecular-level model there are two different kinds of

coking mechanisms included. The first mechanism is the addition, cyclization, and

dehydrogenation of an olefin molecule to an aromatic core, which creates a larger

aromatic core. The second mechanism is the condensation of two aromatic cores

into one bigger aromatic core. Why these mechanisms are chosen will be further

explained in section 6.1.

Because no format for the kinetic rate law could be found in literature, the simplistic

approach of homogeneous microkinetics is taken. As indicated in subsection 3.2.2.1,

depending on the water density the phase behavior of the residual oil-SCW mixture

changes from a two-phase to a pseudo-homogeneous mixture. This has a strong

impact on the rate of coke formation. A correction factor is added to the microkinetic

rate law in order to capture this effect. The general format of the rate law is:

ri = ηpAce
−Ec
RT Creactant1Creactant2 (5.19)

In this equation, Ac and Ec are the pre-exponential factor and the activation energy

in the Arrhenius equation. ηp Is the correction factor that takes the phase effect into

account.

No mathematical expression for ηp could be found in literature. The effect is only

described qualitatively. Therefore, an expression for ηp is created. As described in
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subsection 3.2.2.1, this is not a continuous effect, but rather a sharp transition when

the phase structure changes. That is why the following equation is used for ηp.

ηp =

ηp1, if T < Ttrans

ηp2, if T ≥ Ttrans

(5.20)

The values for ηp1 and ηp2 become adjustable parameters of the kinetic model. In

order to determine an expression for Ttrans, the few experimental data points that

are available in [27] are used. Figure 3.9 indicates that the temperature at which

the phase structure changes (Ttrans) can be approximately taken independent of the

pressure. Therefore, only an expression in terms of the water to oil ratio is needed.

Only two data points are available from the figures in figure 3.9. Therefore, only a

two-parameter correlation can be created. A linear relationship is chosen between

the temperature at which the phase structures changes and the water to oil ratio.

Ttrans = a+ bωwat,oil (5.21)

With ωwat,oil the water to oil mass ratio. Table 5.6 gives the two data points extracted

from Figure 3.9.

Table 5.6: Data points to determine coefficients a and b in equation 5.21

Ttrans[K] ωwat,oil
620 0.5
660 0.25

Based on this data, equation 5.21 becomes.

Ttrans = 700− 160ωwat,oil (5.22)

The use of this equation is limited to the region of the experimental data that it is

derived from. Extrapolation to higher water to oil ratios is no problem. Because all

SCW upgrading processes operate at least at 650 K, Ttrans will be lower than the
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operating temperature for water to oil ratios higher than 0.5. Setting the value for

ηp equal to ηp2.

In total for the coking reactions, there are four kinetic parameters in the rate expres-

sion that have to be determined: Ac, Ec, ηp1 and ηp2. The product between Ac and

ηp can be combined into a new parameter Ac,η. Therefore, only three parameters

have to be determined.

5.2.5 Graphical Representation Rate Laws

The equations discussed in the previous subsections are implemented in a lumped

kinetic model made in Matlab. This model is a strongly simplified version of the

molecular-level kinetic model. It contains the parallel pyrolysis and hydrolysis path-

ways. Part of the pyrolysis products will be converted to coke. Figure 5.1 shows the

reaction network.

Figure 5.1: Lumped reaction network

A simulation for a batch reactor is done. Table 5.7 shows the process conditions and

the parameter values that go in the rate equations. The process conditions are equal

to the ones in the data source that is used for the product data of VGO upgrading

in SCW [15]. The parameters are chosen such that the rate of hydrolysis, pyrolysis,

and coking are within the same order of magnitude. The results of the simulation are

shown in figure 5.2. For the molecular properties that are required, the properties of

benzene are used.
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Table 5.7: Process conditions and parameter values

Process conditions
Temperature Pressure Water-oil mass ratio Water density

693 K 25 MPa 2 150 kg
m3

Parameter values
R K κ ηp1 ηp2 Ap Ep k0 Eh Ac Ec
8, 3145 1011 −5 · 10−30 1.5 0.5 1011 1.6 · 105 102 1.15 · 105 5 · 109 1.6 · 109

Figure 5.2: Matlab simulation lumped model

The simulation results show that reactant is consumed and converted into hydrolysis-

and pyrolysis products. The hydrolysis products and pyrolysis product 2 reach a

steady state concentration when all reactant is consumed. Pyrolysis product 1 gets

converted into coke as time increases.

The basic principle behind the rate laws is microkinetics. The rate laws are extended

because of the solvent effects of SCW. In order to show the effect of the extensive rate

laws, a second model is made in Matlab. The reaction network is the same as the

one shown in figure 5.1, but in the second model, the rate laws are microkinetic rate

laws. Simulations are made for both models and for different water-oil mass ratios.

The difference between the concentrations of the model compounds simulated by

both models is plotted in figure 5.3. Simulations are made with different water-oil

mass ratios in order to show the effect of SCW as a solvent. Note: "the difference"

means concentration simulated by the model with extensive rate laws - concentration

simulated by the model with microkinetic rate laws.
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(a) Difference in reactant concentration

(b) Difference in hydrolysis product concentration

(c) Difference in pyrolysis product 1 concentration
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(d) Difference in pyrolysis product 2 concentration

(e) Difference in coke concentration

Figure 5.3: Differences between simulations with extensive and simple kinetic rate
laws

In order to be able to interpret the results shown in figure 5.3 it is necessary to un-

derstand what phenomena are included in the extensive rate laws that are excluded

in the microkinetic rate laws. These are three phenomena: the solvent cage effect,

the effect of the dielectric constant and the phase behavior. These phenomena are

explained in depth in subsection 3.2.2.1.

In figure 5.3b it is shown that the difference is always positive. This means that
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the extensive model has a higher hydrolysis product concentration. This is since the

hydrolysis rate constant is increased, because of the effect of the dielectric constant

(κ < 0), and the pyrolysis rate constant is decreased, because of the solvent cage

effect. Both these effects get stronger as the water concentration increases, which is

also shown in the figure.

Figure 5.3d displays that the difference is always negative. This corresponds to a

lower concentration of pyrolysis product 2 in the extended model. This is again due

to the increase of the hydrolysis rate constant and the decrease of the pyrolysis rate

constant. Some curves have a minimum. This is because over time the difference in

reactant concentration increases. At the minimum point of the curve, the relative

increase in reactant concentration exactly compensates the decrease of the pyrolysis

rate constant due to the solvent cage effect.

Figure 5.3c shows curves that are quite similar to the ones in figure 5.3d. The same

explanation that was given for pyrolysis product 2 also holds for pyrolysis product

1. The difference is that pyrolysis product 1 can be converted to coke. In figure 5.3e

it can be seen that the coke production in the extensive model is lower. Therefore,

less of pyrolysis product 1 is converted to coke. Because of this, some of the curves

become positive at long reaction times. Figure 5.3d shows that the production of

pyrolysis product is lower in the extended model. But for some water-oil mass ratios,

the difference in coke production is even more negative which causes the difference

in concentration of pyrolysis product 1 to be positive.

In figure 5.3e it is displayed that the coke concentration is always lower in the ex-

tended model. This is partly because of the lower concentration of pyrolysis product

1 (but this is not always the case, as described in the previous paragraph). It is

also partly because of the lower coking rate constant due to the phase structure.

Figure 5.3a shows the difference in reactant concentration. These curves can either

be positive or negative. The solvent cage effect slows down the rate of reactant con-

sumption, while the effect of the dielectric constant speeds up the rate of reactant

consumption. Depending on the water-oil mass ratio, one of these effects is more
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dominant. This causes the curves that correspond to lower water-oil mass ratios to

be positive and the ones corresponding to high ratios to be negative. At long reaction

times, all reactant gets consumed. Note that no backward reaction term is present

in the rate laws. Therefore, all curves will eventually go to zero.

This comparison shows that the extensive rate laws have the mathematical format

to simulate trends that are expected due to the solvent effect of SCW.
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Chapter 6

RESULTS AND DISCUSSION

This chapter describes how the software tools described in chapter 4 are used to

develop the molecular-level kinetic model.

6.1 Reaction Network Generation

Reaction network generation has the final goal to create a list of chemical reactions

between model components. The components are represented as ’Speciesxxxxxx’,

with xxxxxx representing the species number. An example of a reaction in the

reaction list could be ’ Species000001 -> Species000002 + Species000003.

There are two ways to develop the reaction network. First, the software package Ingen

is used to develop most of the reaction network. Some reactions cannot be generated

by Ingen. Therefore, the reaction list is manually extended with the reactions that

couldn’t be generated by Ingen. As indicated in section 3.1.1, residual oil consists of

a variety of molecular structures. Besides that, the carbon number of the molecules

can be as high as 120. Because of these reasons, there are a lot of spots where Ingen

can let a chemical reaction take place. This creates a large number of species. Every

new species generates a new model equation in the set of ODE’s that describe the

system. In order to keep the simulation time limited, the number of species must

remain limited too. The goal is to develop a model that can be simulated within

one minute. Therefore, the objective is to keep the total amount of species bound to

3000. In order to keep the number of components that low, major limitations must be

given to INGen. Because of the complexity of the molecules and the severeness of the

limitations that are required, a rank zero network is developed. A rank zero network

means that only chemical reactions can occur between molecules that are seeded to
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INGen. This is an effective way to limit the number of species, without losing much

valuable information [46]. The choice of the model compounds determines which

reactions can take place. Therefore, this determines all the assumptions that are

made regarding the reaction network. The assumptions will be listed in subsection

6.1.1.3. An example of the power of a rank zero network is given in figure 6.1. By

seeding the five molecules present in figure 6.1b into a rank zero network, the same

chemistry can be shown as in figure 6.1a with four components less. This is almost

half the components.

(a) Without rank zero network

(b) With rank zero network

Figure 6.1: Hydrolysis/dehydration reaction network

Subsection 6.1.1 discusses the part of the reaction network generated by INGen.

Subsection 6.1.2 handles the part of the reaction network that is manually added. In

subsection 6.1.3 the reaction network as a whole is analyzed.
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6.1.1 Reaction Network Generated by Ingen

6.1.1.1 Reaction Families

Table 6.1 gives an overview of which reaction families are used in Ingen. It shows

what kind of chemistry is represented by this reaction family and gives the sources

that report that this chemistry occurs in SCW upgrading.

Table 6.1: Reaction families

reaction family Chemistry sources

CNHydrolysis [4]

COHydrolysis [5]

CSHydrolysis [6],[7],

[8]

MidChainCracking [9]

OxideThermalCrack-

ing

[10],

[11]

PathCCracking [9]

ThermalPostAllytic-

BetaScission

[9]

ThermalSideChain-

CrackingAromGamma

[9]

ThermalSideChain-

CrackingNaphAlpha

[9]
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ThermoChainMercap-

tonDesulurization

[12]

ThermoChainSulfid-

eDesulfulrization

[13]

6.1.1.2 Model Compounds

For the reaction families to generate reactions, the right reactive spots should be

present. Therefore, the functional groups, present in the model compounds, are cho-

sen in function of the reaction families. Literature is consulted in order to confirm

that these functional groups are present within the molecules in residual oil [2]. The

ratio between aromatic-and aliphatic carbons, the number of heteroatoms and the

carbon numbers are tuned during the modeling process. As a starting point, data

is used from a paper that did modeling of the molecular composition of vacuum

residue [14]. A PDF structure is made in ICG. The model predictions are compared

to the experimental data in [14] and [15]. Adaptions to the chosen model compounds

are made. This modifies the ratio between aromatic-and aliphatic carbons, the het-

eroatom content and the carbon numbers. A new PDF is made. This process is

repeated until a final set of model compounds is obtained which can model the feed

accurately. During this process, the number of model compounds must remain lim-

ited. Since a rank zero network is used, every molecule that is present in the reaction

network must be created by the modeler and added as a seed in Ingen.

The model compounds can be subdivided into categories. Molecules within the same

category contain the same functional groups. They only differ by the length of an

alkyl chain. This is done to get the functional groups distributed over all carbon

numbers. Table 6.2 gives an overview of the chosen model compounds, the cate-

gories, and the carbon number range. In the category names, "A" refers to aromatic

rings and "N" refers the naphthenic rings.
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Table 6.2: Examples of model compounds

Category name Example model compound Carbon

number

range

normal paraffins 1-100

iso paraffins 4-100

1-olefins 2-100

2-olefins 4-49

alcohols 4-49

1N 6-60

2N 10-60

3N 14-80

4N 16-80

1A 6-60

2A 10-65
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3A 14-80

3A alcohol 16-60

3A dehydrated 16-60

4A 16-80

4A alcohol 18-80
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4A amine 18-80

4A dehydrated 18-80

5A 19-80

5A alcohol 22-80

5A dehydrated 22-80

5A thiol 22-80

5A dithiol 20-80

6A 22-80
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6A alcohol 24-65

6A dehydrated 24-65

6A thiol 24-65

7A 25-80

Pyridine 5-80

Indole 8-80

BenzoThiophene

(BT)

8-65

DiBenzoThio-

phene (DBT)

12-80
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Double DiBen-

zoThiophene

(DDBT)

22-80

Double Benzo-

Furan (DBF)

14-80

Double Ben-

zoThiophene

14-80

Ether 38-80

Thioether 45-80
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Extended Ben-

zoFuran (EBF)

30-80

DiAcridine 24-80

DiCarbazole 22-95

Triple DiBen-

zoThiophe

(TDBT)

32-120

Triple BenzoFu-

ran (TBF)

20-80
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Triple Carbazole 32-80

Pyridine Car-

bazole Combo

(PCC)

27-95

Quadruple

DiBenzoThio-

phene (QDBT)

47-120
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Quin DiBen-

zoThiophene

(QuinDBT)

57-110

Small inorganic

molecules

Water; Hydrogen; Hydrogen sulfide; Hydrogen

disulfide; Ammonia; Carbon dioxide

/

6.1.1.3 Assumptions

As indicated earlier, the choice of the model compounds determines which assump-

tions are made regarding the reaction network. The assumptions that are made for

the Ingen part of the reaction network are:

• Only reactions that have a reaction chemistry like the ones that are given in
table 6.1 can be included in the reaction network.

• In order for a reaction to occur all reactant-and product molecules must satisfy
both of the following rules. The molecules belong to one of the categories in
table 6.2. The molecules have a total carbon number that is within the carbon
number range in the third column of table 6.2 for their category.

• Removing of aliphatic carbon structures from aromatic clusters by thermal
cracking (=thermal dealkylation) only occurs via a mechanism where a radical
is formed on the alpha position. The following beta scission reaction creates
an aromatic core with an alkyl chain that is two carbon atoms long and has
a double bond as a final bond in the alkyl chain, and a normal paraffin or
alcohol. This mechanism is chosen because the formed radical is stabilized in
the aromatic ring, which makes this the most likely pathway [9, 47].

• Removing of aliphatic carbon structures from aromatic clusters or cracking
within these aliphatic carbon structures, only occurs to side chains that are
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normal paraffins, olefins with one double bond at the end of the alkyl chain or
primary alcohols. Thiols or amines are first converted to one of the three above
structures before thermal cracking occurs. This pathway is chosen because the
hydrolysis of an amine and thiol is more likely to occur than thermal cracking.
Appendix C shows a calculation that strengthens this assumption.

• Cracking of side chains on cyclic carbon structures only occurs as a mid-chain
cracking. In reality, cracking will occur at multiple positions within the chain,
but this assumption is a necessity to limit the number of components because
of the large carbon number.

• The maximum amount of double bonds that can occur in an olefin are two [47].

• Removing of aliphatic carbon structures from naphthenic clusters by thermal
cracking (=thermal dealkylation) only occurs via a mechanism where a radical
is formed on the beta position. The following beta scission reaction creates
a naphthenic core with a methyl side chain and an olefin. This mechanism
is chosen because the radicals in reactants and products are most stabilized,
which makes this pathway the most favorable [9, 47].

• No ring opening of cyclic compounds occurs. For aromatic compounds this
assumption is valid [47]. Naphthenic rings could be opened by thermal cracking.
This reaction pathway is not included in the model to limit to the number of
components.

• Heteroatoms that are part of an aromatic system do not react [9, 11].

• Iso paraffins are first cracked via thermal cracking such that a radical is formed
on the carbon atom that is bound to three other carbon atoms. The following
beta scission reaction creates an olefin and a normal paraffin that can be further
cracked [47].

6.1.2 Manually Added Reactions

Some reaction pathways cannot be modeled with Ingen. Therefore, a list of reactions

is added to the list that is generated by Ingen. The added list contains reactions

that can be categorized in three reaction families: Naphthene aromatization, olefin

addition, cyclization and aromatization, and coking. To a broader extent, the last

two of these reaction families can be captured under the name coking chemistry.

Coking chemistry includes a wide variety of reactions. In general, it can be de-

scribed as carbon and heteroatoms, coming from a variety of molecular structures,

being condensed into large aromatic clusters. These clusters contain almost no
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hydrogen[43, 44, 45]. Two different reaction pathways are modeled to represent

this chemistry: addition, cyclization and aromatization of olefins to aromatic clus-

ters; condensation of small aromatic clusters into larger, more carbon-dense aromatic

clusters.

For the manually added reactions, it is much more complicated to formulate a list of

assumptions that are made. The manner how certain the chemistry is incorporated

in the model is one large assumption. Therefore, the assumptions for each of the

manually added reaction families are given within the description of the reaction

families.

Naphthene aromatization

This reaction family represents the reactions in which naphthenic rings are dehy-

drogenized, resulting in the formation of aromatic rings [43, 44]. An aromatization

reaction family is present in Ingen. It creates reactions where one naphthenic ring is

aromatized at a time. This shows the reaction pathway most accurately, but it also

creates a lot of model compounds. An example is given for a naphthenic compound

that consists of four naphthenic rings (4N). If no approximations are made, aroma-

tizing this component creates 16 new components per carbon number. Considering

that the carbon number for 4N components goes from 16 to 80, aromatizing only the

4N components would generate 1040 new components. This is too much. A simpli-

fication could be made that, says that only one component witch a certain amount

of naphthenic-and aromatic rings can exist. This fixes the relative locations between

the naphthenic-and aromatic rings. The number of components per carbon number

is limited to 5. This still generates 325 components which is quite a lot for one

reaction pathway of one category of molecules. Therefore, aromatization is modeled

as one reaction where all the naphthenic rings present in a molecule are aromatized.

An example of this reaction is given in figure 6.2. This reaction chemistry is not

present in Ingen and is therefore added manually to the reaction list.

Olefin addition, cyclization and aromatization

This reaction family is added in order to include a reaction pathway for non-cyclic,
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Figure 6.2: Naphthene aromatization reaction

aliphatic carbons to become aromatic carbons. The reaction is bimolecular. One

reactant is an aromatic core with a small paraffin side chain. The side chain has

a carbon number going from zero to five. The other reactant is an olefin, that has

one double bond between the first and the second carbon atom and has no other

side chains or heteroatoms. The carbon number of the olefin is limited such that the

highest carbon number of the product is 80. The reaction products are an aromatic

core, with a paraffin side chain and one extra aromatic ring, and hydrogen [43, 44].

An example is given in figure 6.3.

Figure 6.3: Olefin addition, cyclization and aromatization

Coking

This reaction family represents the chemistry where aromatic molecules are combined

into large aromatic clusters, called coke. The exact reaction pathway that leads to

coke formation is complex, and not fully understood. There is also no molecular

representation for a ’coke molecule’ [45, 48]. The following approach is taken in

order to model this chemistry. The reactants are all aromatic cores that contain

one side chain that is two carbon atoms long and has a double bond between the

two carbon atoms in the side chain (a dealkylated aromatic core). These cores are

divided into four groups, based on their heteroatom content. The four groups are

pure hydrocarbon, nitrogen-containing, sulfur-containing and oxygen-containing. In

the first step, each reactant reacts with itself. This creates a bond between two

carbon atoms of the aromatic cores. The product is a molecule that is twice as large
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as the reactants and hydrogen. The products of step one that belong to the same

group combine in binary reactions. In each reaction, a bond between two aromatic

carbons is created, producing larger aromatic clusters and hydrogen. This continues

until there are two molecules per group. In the final step, these two molecules

combine and a large quantity of hydrogen is removed to give a product that has a

H/C ratio that is representative for a coke molecule [48]. The product of the final

reaction is called coke. Note that no chemical structure for the coke molecule is

created. It is only represented as an elemental composition. Each group has its own

"coke molecule". The combination of the elemental compositions of the four "coke

molecules" can be compared to an experimental elemental composition of coke, if

present in the data source. An example of this reaction pathway is given in figure

6.4.

Figure 6.4: Coking

6.1.3 Diagnostics of the Reaction Network

The observed reaction pathways for each type of reactant are given.

Normal paraffins

• Normal paraffins can be cracked via mid-chain cracking into smaller paraffins
and olefins. These products can be cracked further. The olefins can react
further as described below.
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Olefins

• Olefins can be cracked into smaller paraffins and olefins trough mid-chain crack-
ing. They can also be added to aromatic cores, forming larger aromatic cores.
These large aromatic cores can be converted to coke. The side chain can be
cracked off the larger aromatic cores, forming a normal paraffin and a dealky-
lated aromatic core. The normal paraffin can react further as described above.
The dealkylated aromatic core can react further as described below.

Iso paraffins

• Iso paraffins are first cracked such that the side chain is removed as a paraffin.
This results in normal paraffins and olefins, which can react further as described
above.

Alcohols

• Alcohols can be dehydrated, creating olefins. The olefins can react further as
described above.

• Alcohols can be cracked by mid-chain cracking. This creates a smaller alcohol
and an olefin. The olefin can react further as described above. The smaller
alcohol can react further as described in this paragraph.

Pure hydrocarbon aromatic compounds

• The side chains can be cracked of these compounds, creating two products.
One is an aromatic compound with a two-carbon side chain with a double
bond between the two carbons in the side chain. These kinds of components
will be referred to as dealkylated aromatics. The second is a normal paraffin
or olefin, depending on whether there is a double bond in the side chain or
not. The normal paraffin or olefin can react further as described above. The
dealkylated aromatic compound can react further trough reactions described
in coking to form coke.

• Mid-chain cracking can occur in the side chain of these compounds. This can
always create an olefin and an aromatic compound with a shorter paraffin
chain. If the aromatic compound with an olefin side chain is present as a seed
in the rank zero network, then this reaction can also create a paraffin and an
aromatic compound with a shorter olefin side chain. The aromatic compound
can react further as described in this paragraph. The paraffin and olefin can
react further as described above.

• Olefins can be added to these compounds. Creating larger pure hydrocarbon
aromatic compounds which can react further as described above.
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Naphthenic compounds

• The side chains can be cracked of naphthenic compounds, creating methylated
naphthenic clusters and olefins. The olefins can react further as described
above.

• Mid-chain cracking can occur in the side chain of these compounds. This creates
a naphthenic compound with a shorter paraffin side chain and an olefin. The
olefin can react further as described above. The naphthenic compound can
react further as described in this paragraph.

• Naphthenic compounds can get aromatized to pure hydrocarbon aromatic com-
pounds. These pure hydrocarbon aromatic compounds can react further as
described above.

Aromatic compound with aromatic heteroatoms, but no aliphatic hetero

atoms

• The side chains can be cracked of these compounds, creating a dealkylated
aromatic compound and a normal paraffin. The normal paraffin can react
further as described above. The dealkylated aromatic compound can react
further trough reaction described in coking to form coke.

• Mid-chain cracking can occur in the side chain of these compounds. This
creates an aromatic compound with a shorter paraffin side chain and an olefin.
The olefin can react further as described above. The aromatic compound can
react further as described in this paragraph.

Aromatic compounds with an alcohol group in a side chain

• The side chains can be cracked of these compounds, creating a dealkylated
aromatic compound and an alcohol. The dealkylated aromatic compound and
the alcohol can further react as described above.

• The alcohol group in the side chain can be dehydrated, creating a side chain
with a double bond. The aromatic compound with the dehydrated side chain
can react further as described above.

• Midchain cracking can occur in the side chain, creating a linear alcohol and an
aromatic compound with an olefin side chain. Both products can react further
as described above.

Aromatic compounds with an amine group in a side chain
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• The amine group in the side chain can get hydrolyzed to an alcohol group and
ammonia. The aromatic compound with the alcohol group in the side chain
can react further as described above.

Aromatic compounds with a thiol group in a side chain

• The thiol group in the side chain can get hydrolyzed to an alcohol group and
hydrogen sulfide. The aromatic compound with the alcohol group in the side
chain can react further as described above.

• The thiol group can be removed from the side chain, creating a side chain
with a double bond and hydrogen sulfide. The aromatic compound with the
dehydrated side chain can react further as described above.

Aromatic compound with a disulfide group in a side chain

• The disulfide group in the side chain can get hydrolyzed to an alcohol group
and hydrogen disulfide. The aromatic compound with the alcohol group in the
side chain can react further as described above.

Aromatic rings connected by a side chain that contains an ether

• The ether bond can get hydrolyzed, creating two aromatic compounds with
an alcohol group in the side chain. The aromatic compounds with an alcohol
group in the side chain can react further as described above.

• The ether bond can get thermally cracked, creating an aromatic compound
with an alcohol in the side chain and an aromatic compound with a double
bond in the side chain. Both products can react further as described above.

Aromatic rings connected by a side chain that contains a thioether

• The thioether bond can get hydrolyzed, creating an aromatic compound with
an alcohol group in the side chain and an aromatic compound with a thiol
group in the side chain. Both products can react further as described above.

• The thioether bond can get thermally cracked, creating two aromatic com-
pounds with a double bond in the side chain and hydrogen sulfide. The aro-
matic compounds can react further as described above.

In total, the reaction network consists of 10025 reactions between 2894 species. Out

of the 10025 reactions, 7615 are created by Ingen and 2 410 are manually added.

Table 6.3 shows the amount of reactions for each reaction family.
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Table 6.3: Number of reactions for each reaction family

Reaction family Number of reactions

CNHydrolysis 63

COHydrolysis 43

CSHydrolysis 193

MidChainCracking 4187

OxideThermalCracking 372

PathCCracking 95

ThermalPostAllyticBetaScission 509

ThermalSideChainCrackingAromGamma 1471

ThermalSideChainCrackingNaphAlpha 546

ThermoChainMercaptonDesulurization 101

ThermoChainSulfideDesulfulrization 35

Naphthene aromatization 237

Olefin addition, cyclization and aromatization 2133

Coking 40

Based on the numbers in table 6.3, the thermal reactions are the dominant reaction

types. This is because thermal reactions have much more reactive spots compared

to the hydrolysis reactions. The amount of hydrolysis reactions corresponds to the

number of aliphatic heteroatoms that are present in the model compounds.

6.2 Feed Composition Modeling

In order to solve the set of ODE’s generated by KME, a set of initial conditions is

required. In this molecular-level kinetic model, this means that the number of moles,

of each molecule in the batch reactor before reactions take place, should be known.

ICG models the composition of the feed stream that goes into the reactor. The result

of the ICG simulation sets the initial conditions for KME.

As described earlier in chapter 2, only product data for VGO is available. Therefore,
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two models in ICG are made. One model simulates the molecular composition of

residual oil data [14]. This is done in order to validate that with the chosen model

compounds the physical properties of residual oil can be obtained. The second model

simulates the molecular composition of VGO data [15]. This model is made to set

the initial condition of the KME model.

6.2.1 Residual Oil

Figure 6.5 shows the comparison between the experimental data found in [14] and the

model prediction. The numerical values are shown together with their graphical rep-

resentation in a parity plot. Two parity plots are constructed because the numerical

values of the WSimDis properties are large compared to the other properties.

(a) Numerical values
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(b) Parity plot 1 (c) Parity plot 2

Figure 6.5: ICG results residual oil

The match between the experimental data and the simulated properties is very good.

There are a few properties that could have been matched better. The biggest relative

error between the predicted and the experimental value is 0.0382 and corresponds

to the H/C ratio. The prediction for the H/C is a little too low. This means that

the simulated composition is slightly too aromatic. The value for the WSimDis70

has a substantial absolute error. The experimental value for this property is very

high, which will also have consequences for the carbon number distributions. There

was no data point available for the properties which have a ’Value’ equal to zero.

They are shown because the predicted values give valuable information about the

simulated composition.

The parity plots confirm the excellent match. The curves are well fitted by a straight

line through the origin that has a slope close to 1.

Besides having a good match between experimental-and simulated properties, it is

also important to have smooth carbon number distributions. The carbon number

distributions for different fractions of residual oil are plotted in figure 6.6.
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(a) Acyclics C-number distribution

(b) Naphthenes C-number distribution
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(c) Small aromatics C-number distribution

(d) Asphaltenes C-number distribution
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(e) Overall C-number distribution

Figure 6.6: C-number distributions residual oil

The carbon number distributions for the different fractions of residual oil all have

smooth distributions with one local maximum. The overall carbon number distribu-

tion also has a smooth distribution, but there are two local maxima. It is a bimodal

distribution. During the development of the ICG model, it was tried to avoid this bi-

modal distribution. The second mode is caused by the asphaltene molecules. These

molecules are the ones that have the highest carbon numbers. The fact that the mole

fractions of the asphalt he molecules is high causes the second mode. The reason

why the mole fractions of the asphaltene molecules are so high is because of the ex-

perimental value for WSimDis70. A large part (30 percent) of the components must

have a boiling point higher than this value. In order to obtain this boiling point,

carbon numbers must be very high. Besides increasing the carbon number, high

boiling points can also be obtained by increasing the aromaticity of the components.

This was done in an attempt to move the second mode to smaller carbon numbers, to
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get a curve with one mode. However, the other experimental data points put limita-

tions to this. The simulated H/C ratio is a little smaller than the experimental one.

Which indicates that the simulated system is already slightly to aromatic. Compo-

nent categories in table 6.2 like QuinDBT, QDBT, PCC, and Triple Carbazole were

added to the model in an attempt to eliminate the second mode. The addition of

these components made the two modes approach, but complete elimination was not

possible.

6.2.2 VGO

Figure 6.7 shows the comparison between the model results for VGO and the ex-

perimental data founds in [15]. The numerical values are shown together with their

graphical representation in a parity plot.

(a) Numerical values
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(b) Parity plot 1 (c) Parity plot 2

Figure 6.7: ICG results VGO

There is a good match between the simulated properties and the experimental values

for all experimental data points. The biggest relative error is 0.0337 for the value of

H/C. This means the molecular representation is a little too aliphatic. There was no

data point available for the properties which have a ’Value’ equal to zero. They are

shown because the predicted values give valuable information about the simulated

composition.

The parity plots confirm the excellent match. The curves are well fitted by a straight

line through the origin that has a slope close to 1.

In order to get a good match between simulated-and experimental properties, a large

part of the mole fraction are zero. All heavy, highly aromatic components, that are

necessary to model residual oil correctly, are not present in VGO. All acyclic-and

naphthenic components in table 6.2 are included in the VGO model. Only aromatic

components in table 6.2 that have five or fewer aromatic rings are included in the

VGO model. The other aromatic components have a mole fraction that is equal to

zero.

The carbon number distributions for different fractions of the VGO are plotted in

figure 6.8.
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(a) Acyclics C-number distribution

(b) Naphthenes C-number distribution
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(c) Aromatics C-number distribution

(d) Overall C-number distribution

Figure 6.8: C-number distributions VGO
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All carbon number distributions for VGO are smooth curves with a single maximum.

The problem regarding the asphaltenes, that is explained in subsection 6.2.1 is not

present.

6.3 Kinetic Model Evaluation

The reaction network, the molecular composition of the feed stream and the format

of the rate laws are modeled. The final part of the kinetic model development is the

tuning of the kinetic parameters. In order to do so, a data set that contains product

data and the corresponding reactor conditions is required. As indicated earlier, such

a data set could not be found for SCW upgrading of residual oil. Tuning of the kinetic

parameters of the rate laws will not be done in this thesis. However, KME is used

in order to indicate that the developed reaction network contains the right chemical

pathways to match experimental data. Data regarding SCW upgrading of VGO is

available in [15]. The next section shows the match between the experimental data

and the tuned model predictions.

6.3.1 VGO

In [15], an extended data set is available for one set of reactor conditions. The devel-

oped reaction network, the molecular composition of the feed stream, the reaction

rate laws and the molecular properties of the model compounds are loaded in KME

together with the product experimental data and the reactor conditions. Table 6.4

show the reactor conditions. In order to match the experimental data, the tunable

parameters, described in section 5.2, are given numerical values. A simulation is

done, and the product properties are analyzed and compared with the experimental

data. Changes are made to the numerical values of the kinetic parameters, and a new

simulation is done. This process is repeated until the match of the simulated-and

the experimental properties is good enough. As indicated earlier, there are 10025

different chemical reactions occurring. Therefore, the tuning of the kinetic param-

eters is not done for each individual reaction, but for each reaction family. Note
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that in table 6.1 there are 11 reaction families. In KME the kinetic parameters of

54 reactions families can be tuned. This is partly because of the reactions that are

manually added, and partially because KME also takes the kind of reactant into ac-

count when it creates the reaction family. The ’MidChainCracking’ reaction family

in table 6.1 can, for example, be applied to a normal paraffin or an alcohol. This

creates two reaction families ’MidChainCracking Nparaffin’ and ’MidChainCracking

Alcohol’. The kinetic parameters of both reactions can be tuned independently. The

parameters K and κ in equations 5.6 and 5.13 are taken the same for all reactions.

For a more detailed explanation on how to use the KME software to do simulations

for this specific kinetic model, see appendix D.

Table 6.5 shows the experimental data points and the corresponding model predic-

tions. The graphical representation of this data is shown in figure 6.9. Two parity

plots are made because the numerical values for the ’WSimDis’ values are a lot larger

than the other numerical values.

Table 6.4: Reactor conditions experimental data

T [K] 693.15

P [MPa] 25

ρwater[
g
cm3 ] 0.15

water-oil mass ratio 2

reaction time [h] 1
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Table 6.5: Comparison model results KME

Property Experimental value Model prediction

ρ [ g
cm3 ] 0.8993 0.8973

C [wt%] 86.86 86.70

H [wt%] 11.11 10.78

N [wt%] 1.09 1.09

S [wt%] 0.94 0.94

WSimDis10 [K] 412 402

WSimDis20 [K] 451 458

WSimDis30 [K] 486 500

WSimDis40 [K] 517 523

WSimDis50 [K] 547 544

WSimDis60 [K] 573 575

WSimDis70 [K] 602 609

WSimDis80 [K] 641 634

(a) Parity plot 1 (b) Parity plot 2

Figure 6.9: Parity plots product properties

The match between the experimental data and the model predictions is good for

all available data points. This is confirmed by the slope of the parity plot curves

being close to one. The biggest relative error is 0.0297 and corresponds to the weight
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fraction of hydrogen. This is partly because the experimental data doesn’t report a

weight fraction for oxygen, while oxygen is present in VGO and in the kinetic model.

The oxygen takes up a small part of the weight fraction, that is missing for hydrogen.

The computational time for doing this simulation is 19 seconds. A simulation, with

the molecular representation of the residual oil feed, is made with the same numerical

values for the kinetic parameters. The computational time for this simulation is 19

seconds too. As indicated earlier, the goal is to keep this time limited to one minute.

This objective is clearly met.

The purpose of this section is not to determine the numerical values of the kinetic

parameters, but to prove that the developed kinetic model represents the reactions

occurring in SCW upgrading. The determination of the kinetic parameters will be

done in future work. The numerical values of the kinetic constants, used to get the

model predictions in table 6.5, will not be discussed. They can be found in appendix

E.

Table 6.6 shows the simulated properties for the VGO feed-and product stream.
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Table 6.6: Comparison between VGO feed-and product properties

Property Value feed stream Value product stream

ρ [ g
cm3 ] 0.9991 0.8973

C [wt%] 85.14 86.70

H [wt%] 10.91 10.78

N [wt%] 1.14 1.09

S [wt%] 2.34 0.94

WSimDis10 [K] 641 402

WSimDis20 [K] 669 458

WSimDis30 [K] 683 500

WSimDis40 [K] 696 523

WSimDis50 [K] 707 544

WSimDis60 [K] 717 575

WSimDis70 [K] 731 609

WSimDis80 [K] 748 634

MW [ g
mol

] 339.28 190.85

H/C ratio [mol
mol

] 1.470 1.493

Normal paraffins [wt%] 2 26.8

Iso paraffins [wt%] 2 1.1

Olefins [wt%] 2.3 27.4

Naphthenes [wt%] 16.6 0.008

Aromatics [wt%] 77.1 44.5

Table 6.6 shows what the effect is of SCW upgrading of VGO. All the observed trends

are as expected. The density is reduced due to an increase of smaller, more linear

molecules. The heteroatom content decreases, mainly as a result of the hydrolysis

reactions. The nitrogen content only slightly decreases because most nitrogen is

present in pyrrole or pyridine-like structures. These structures don’t take part in
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hydrolysis reactions. The boiling point distribution decreases on average with 168

K. This is mainly due to the cracking reactions. The molecular weight decreases due

to cracking. The H/C ratio increases because the product contains fewer aromatic

structures. The PIONA distribution of both streams shows the overall pathways.

The number of aromatics decreases heavily, causing an increase in normal paraffins

and olefins. Naphthenic components get aromatized and iso-paraffins are partially

converted to normal paraffins.
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Chapter 7

CONCLUSIONS

This thesis showed how a molecular-level kinetic model for SCW upgrading of residual

oil can be developed. The KMT was a very useful software package to develop this

model with. It also became clear how complex molecular-level kinetic modeling of

mixtures with a large variety in molecular structures and large carbon numbers can

be.

In order to develop a reaction network that contains the necessary chemical pathways,

but has a limited number of components, limitations had to be added to the INGen

software. This resulted in the creation of a rank zero network. In this rank zero

network, parallel reaction pathways that represent the same chemistry are avoided.

Based on literature and the reaction pathways that are included in the model, a set

of model compounds is chosen. This set of model compounds changed during the

modeling process until one was found that modeled the feed accurately, allowed all

reaction pathways to occur and is not too extensive to limit the computational times.

Some reaction pathways are too complicated for INGen or are modeled in a certain

way (to limit the number of components) that Ingen cannot do. Therefore, these

reaction pathways are added manually. In total this resulted in a reaction network

that contains 10025 reactions between 2894 species.

While developing the reaction network in Ingen, a molecular representation of the

feed was made in ICG. Mole fractions for the chosen model compounds are deter-

mined by developing a PDF structure. The initial set of model compounds was

not able to fit the experimental data for VGO and residual oil. Different model

compounds were chosen, and the reaction network was adapted. These iterations

occurred a couple of times until an accurate molecular representation of both feeds
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was obtained. All available experimental data points of both mixtures are matched

well. The molecular representation of the VGO stream has smooth, unimodal carbon

number distributions. The overall carbon number distribution of the molecular rep-

resentation of residual oil is bimodal. This is due to the high amount of asphaltene

molecules, necessary to match the boiling point distribution.

Rate laws for the different kinds of reactions are chosen. Because the system can

be approximated as a single (supercritical) phase without the presence of a catalyst,

the underlying principle behind the rate laws is microkinetics. Due to the solvent

effects of SCW, the reaction rate is influenced in various ways. The three types of

solvent effects that are incorporated in the rate laws are the solvent cage effect, the

effect of the dielectric constant and the water-oil phase behavior. Four different types

of reactions are present, which all have a different format for their rate law. The

four types are pyrolysis reactions, hydrolysis reactions, aromatization reactions, and

coking reactions. The number of tunable parameters for each reaction type is equal

to two or three. A small kinetic model was developed in Matlab to visualize how the

solvent effects of SCW are incorporated in the format of the rate laws.

Finally, the reaction network, the molecular composition of the feed and the format

of the rate laws are combined in the KME software. No data set for residual oil

upgrading in SCW was available. Therefore, a VGO model was made in ICG, using

the same model compounds. For VGO upgrading in SCW, there is some data avail-

able in literature. The kinetic parameters are tuned in KME to generate a product

stream that matches the experimental product data for VGO. The computational

time for simulating the VGO or the residual oil system is 19 seconds. The goal was to

keep this time, below one minute. The match between experimental-and simulated

properties is good. This indicates that the developed reaction network, the molecular

representation, and the chosen rate laws can simulate the SCW upgrading of VGO

and by extension of residual oil within the allowed computational time.
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Chapter 8

FUTURE WORK

This molecular-level kinetic model is a big step forward compared to the earlier

developed kinetic models for SCW upgrading of residual oil. A large step is taken,

but there is still work that needs to be done. In general, this can be divided into

model development work and model usage work.

8.1 Model Development

First, the tuning of the kinetic parameters should be done. In order to do so a data

set that contains reactant-and product data for SCW upgrading of residual oil is

required. In order to do a complete tuning of all parameters, multiple data sets are

needed. One data set can be used as a reference. The other data sets should corre-

spond to different reactor temperatures and different water densities. Measurements

that should be included in these data sets are density, molecular weight, boiling

point distribution, heteroatom content. In order to make the model more accurate,

the following measurements should be included: PIONA data (instead of the fre-

quently reported SARA data), specification of the structures in which heteroatoms

are present (e.g. N in pyrrole structure), carbon number/molecular weight distribu-

tion data. Another important part of the data set, that usually is not mentioned in

literature, is the analysis of the SCW after the reaction. Most data sets report how

the organic phase is separated from the SCW, but none of them do an analysis of

what product molecules are still present in the SCW phase.

Besides the tuning of the kinetic parameters, there are other improvements that can

be made to the model. Right now, there is no mechanism that allows naphthenic
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rings to open. This was not included because it would add a large number of compo-

nents to the system and because it is not one of the main chemical pathways. Because

the computational time is still small enough with the currently used components, the

reaction network could be expanded with naphthene ring opening reactions.

In general, more detail could be added to the reaction network. What changes should

be made depends on three things: the more detailed chemistry that modeler wants

to add to the model, the computational time that is allowed for the model to solve

and the kind experimental that is available to tune the parameters of the more de-

tailed chemistry. Examples of the addition of more detail to the reaction network are

the addition of more dealkylation pathways besides the one that has the most sta-

ble intermediates, addition of cracking reactions beside MidChainCracking for small

carbon number, the inclusion of partially aromatized naphthenic compounds.

In the current model, the tunable parameters κ and K are taken constant for all re-

actions. An improvement of the model could be made by giving each reaction family

a separate value for these parameters.

8.2 Model Usage

After determining the kinetic parameters, the model can be used to simulate situa-

tions that differ from the ones that correspond to the experimental data. Simulations

with different temperatures, different water densities, different water-oil ratios or dif-

ferent reaction times can be done. Analysis of the yield of certain products for these

different operating conditions or reaction times can be used to optimize reactor condi-

tions or to find the optimal reaction time to maximize the yield of a certain product.

Besides looking for better reactor conditions, analysis of these simulations can result

in a better understanding of the phenomena that are occurring on the molecular

scale. This should be focused on coke production. By looking at what parts the rate

equations cause the coke production to go down, the underlying cause behind the

promising experimental data can be found.
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Appendix B

DERIVATION EQUILIBRIUM CONSTANT HYDROLYSIS
REACTION

Figure B.1 shows the hydrolysis reaction for which the equilibrium constant is cal-

culated.

Figure B.1: Hydrolysis reaction for the calculation of the equilibrium constant

The formulas on which the calculations are based were found in [49].

Keq(T ) = exp(
−∆rxnG

0

RT
) (B.1)

∆rxnG
0(298.15K) =

∑
i

νi∆fG
0
i (298.15K) (B.2)

Combining both formulas results in the calculation of Keq at a temperature of

298.15K. In order to calculate the equilibrium constant a a different temperature

the following equation is required.

(
dln(Keq)

dT
)P =

∆rxnH
0(T )

RT 2
(B.3)

Integration of this equation from T = 298.15K to T , results in an expression for the

equilibrium constant as a function of temperature.

ln(
Keq(T )

Keq(298.15K)
) =

∫ T

298.15

∆rxnH
0(T ′)

RT ′2
dT ′ (B.4)
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In order to calculate the integral, an expression for ∆rxnH
0(T ) is needed.

∆rxnH
0(T ) = ∆rxnH

0(298.15K) +

∫ T

298.15

∆rxnC
0
p(T ) (B.5)

With:

∆rxnH
0(298.15K) =

∑
i

νi∆fH
0
i (298.15K) (B.6)

And:

∆rxnC
0
p(T ) =

∑
i

νiC
0
p,i(T ) (B.7)

The following expression if used to compute C0
p,i(T ).

C0
p,i(T ) = a+ bT + cT 2 (B.8)

Table B.1 contains all the constants, required to calculate the equilibrium constant.

Table B.1: Thermodynamic data to calculate the equilibrium constant

/ Water Dibenzyl ether Benzyl alcohol
ν −1 −1 2
∆fG

0
i (298.15K)[ kJ

mol
] −237.1 [50] 277.5751 −27.5 [51]

∆fH
0
i (298.15K)[ kJ

mol
] −285.8 [50] 177.1933 −161.0 [51]

a[ kJ
Kmol

] 29.163 [50] −52.148 −32.089
b[ kJ
K2mol

] 1.449 · 10−2 [50] 1.1128 0.6239
c[ kJ
K3mol

] −0.202 · 10−5 [50] −0.000689 −0.000419

The values in table B.1 that do not have a reference, are calculated with the Gani

and Benson group contribution methods [35, 36] in the PropGen software.

Inserting the numerical values gives the following equations:

∆rxnC
0
p(T ) = −101.37 + 1.58721T − 1.4698 · 10−4T 2 (B.9)

∆rxnH
0(298.15K) = −213.3933

kJ

mol
(B.10)
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∆rxnH
0(T ) = −39237.7− 101.37T + 0.793605T 2 − 0.000048993T 3 (B.11)

Ka(298.15K) = 1.0393 (B.12)

Ka(T ) = Ka(298.15K) · exp(0.09544831319T − 12.19195382 · ln(T )

+
4719.188638

T
− 0.000002946258544T 2 + 25.4405394) (B.13)

For a temperature of 650K the equilibrium constant is:

Ka(T ) = 2.124 · 107 (B.14)
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Appendix C

RATE OF HYDROLYSIS VS RATE OF PYROLYSIS

This calculation is based on experimental data from [32]. This paper contains first

order rate constants for the pyrolysis reaction of benzyl-phenyl-amine (BPA) and

second order rate constant for the hydrolysis reaction of BPA. In SCW upgrading,

the water concentration is so high compared to the other reactant concentrations,

that it can be approcimately taken constant. The second order rate constant for

hydrolysis is converted into a pseudo first order rate constant for hydrolysis. This

value is compared to the first order rate constant for pyrolysis. The paper only

contains one data point for water in the supercritical phase. This data point is given

in table C.1.

Table C.1: Data hydrolysis-and pyrolysis rate constants

T [K] P [atm] ρr kpyrolysis[min
−1] khydrolysis[

l
mol·min ]

659 264 1.2 18 · 10−3 1.8 · 10−3

The relative density can be converted to the water concentration.

Cwater =
ρr · ρcrit
Mwater

(C.1)

Cwater = 21.45
mol

l
(C.2)

khydrolysis,1st,order = khydrolysis · Cwater (C.3)

khydrolysis,1st,order = 38.61 · 10−3min−1 (C.4)
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khydrolysis,1st,order
kpyrolysis

= 2.145 (C.5)

Based on this value, it is estimated that the rate of hydrolysis of BPA is more than

twice as fast as the rate of pyrolysis. The reactor conditions that correspond to this

data are similar to the ones that are encountered in SCW upgrading.
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Appendix D

MANUAL ON HOW TO USE THE KINETIC MODEL

This appendix is meant for people who have access to the KMT software and the

kinetic model that is described in this thesis. It describes how the files are used to

do simulations. All necessary files are in the folder ’Thesis_Roel_Upgrading_Of_

Residual_Oil_In_SCW’. Within this folder, there are folders that correspond to the

different software packages in KMT. The following sections describe how to use the

files in the different software packages.

D.1 Ingen_Model

This folder contains three subfolders. ’Molecules_SCW_Upgrading_Resid’ contains

the .dat files for all the model compounds in the reaction network except the coke

(precursor) molecules. ’Molecules_SCW_Upgrading_Resid_Coking’ contains the

.dat files for the coke precursor molecules. ’SCW_Upgrading_Resid’ is the actual

INGen model folder. The use of the INGen model is straight forward for people who

are familiar with the software.

D.2 Manually_added_reactions

This folder contains the excel files that are used to write the reactions that couldn’t

be generated by INGen.

D.3 ICG_models

This folder contains three subfolders. ’SCW_Upgrading_Resid’ and ’SCW_ Up-

grading_VGO’ are respectively the ICG model folders for the residual oil-and VGO

reactant streams. The use of the ICG models is straight forward for people who are
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familiar with the software. The ’result_file’ folder contains two excel files which are

used to generate the carbon number distributions for the reactant streams. These

plots can be generated by pasting the mole fractions of the components (generated

by ICG) in column D in the ’raw data’ sheet.

D.4 KME_model

This folder contains two subfolders and six other files that help with the use of

the KME model. The SCW_Upgrading_Resid_ingen_reactions_and_coking.eqn

file is the list of reactions that is loaded in the KME model. It is the combi-

nation of the reactions generated by INGen and the manually added reactions.

The ’SCW_Upgrading_Resid’ folder is the actual KME model folder. In order

to open the KME model, go to Computer/OS(C:)/KME6.0_ChenTest/ Codegen/

KME6.61p.xlsm and open the model ’SCW_Upgrading_Resid’. The basic use of

KME will not be explained, only the specific aspects of working with the ’SCW_

Upgrading_Resid’ model.

D.4.1 Generating input stream

Open the ’Stream_Generator.xlsx’ file. Go to one of the ’input stream generator’

sheets. Paste the mole fractions generated by ICG in column E. Specify the water

density, reactor volume, mass ratio between water and oil and the molar mass of the

oil stream is cells F2 to J2. Column M contains the molar flow rates that must be

pasted in the ’input’ sheet in the KME model.

D.4.2 Include cage effect and the influence of the dielectric constant

Open the ’Solvent_Effect_Rate_Laws’ file. Copy cells B2 until B64 of the ’Dielec-

tric’ sheet. Paste these cells in cell E57 of the ’REACTIONS’ sheet in the KME

model. In the ’Solvent_Effect_Rate_Laws’ file it is indicated which parameter of

the correlations is in which cell. Important is that the cell that corresponds to

’correction factor k’ in the ’Solvent_Effect_Rate_Laws’ file is in cell E118 in the

’REACTIONS’ sheet in the KME model.
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Copy cells B2 until E7376 from the ’Cage’ sheet in the ’Solvent_Effect_Rate_Laws’

file. Paste these cells in cell D400 of the ’REACTIONS’ sheet in the KME model.

Replace the content in cells D400 until D458 with random numbers. This is required

to be able to save the parameters. Press ’Save RTK’ on top of the sheet. After doing

this together with the general KME modeling procedure, press ’run model’.

D.4.3 Get product properties

Open the ’Product_Stream_Property_Calculator.xlsx’ file and the ’Stream_ Gen-

erator.xlsx’ file. Go to the ’WSimDis_SHEET’ sheet of the ’Product_Stream_

Property_Calculator.xlsx’ file and copy cells A1 to E2896. Paste these cells in

cell F1. Keep the cells selected and go to ’Sort & Filter’ and select custom sort.

Press ’OK’. This sorts the molecules from low to high boiling point. Go to the ’Re-

sult_SHEET’ sheet and see the model results. For the density value, one more thing

must be done. Go to Computer/OS(C:)/KME6.0_ChenTest/Codegen/KME6.61p-

Copy.xlsm and open the model ’SCW_Upgrading_Resid_Property_ Simulator’.

Go to the ’Stream_Generator.xlsx’ file and go to the Output stream generator sheet

corresponding to VGO or residual oil. Copy the ’liquid output [mol/s]’ column. Paste

this column in the ’input’ sheet of the ’SCW_Upgrading_Resid_Property_Simulator’

KMEmodel. Run this KMEmodel. Now also the density value in the ’Result_SHEET’

sheet of the ’Product_Stream_Property_Calculator.xlsx’ file is shown.

What components are included and excluded from the liquid stream depends on the

conditions of the product stream and how it is recovered from the reactor. Therefore,

modification to the columns liquid output [mol/s], gas output [g/s] and solid output

[g/s] may have to be made by the future user of the model.
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Appendix E

KINETIC CONSTANTS

This table contains the kinetic constants used to generate the model results shown

in table 6.5. Because the experimental data is isothermal, only the pre exponential

factor is determined. E, ∆S and ∆H are zero. The values for κ and K are −5 ·10−30

and 1017.

Table E.1: Kinetic constants KME model

reaction family number log(A)[ 1
s·atm(ν−1)

1 1.5

2 1.5

3 1.5

4 1.5

5 2

6 1.5

7 4

8 2.15

9 4

10 2.8

11 1.5

12 1.5

13 1.5

14 1.5

15 1.5
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16 1.5

17 2

18 2

19 2

20 -0.5

21 0.75

22 0.75

23 0.75

24 0.75

25 0.75

26 0.75

27 0.75

28 -0.5

29 -0.5

30 0.8

31 0.8

32 0.8

33 0.8

34 0.8

35 1.05

36 -10

37 -10

38 1.32

39 -10

40 2

41 2

42 1.08
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43 2

44 1.32

45 2

46 2

47 -10

48 1

49 1

50 2.5

51 2

52 2

53 2.5

54 2.5
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