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Abstract

Planning, scheduling and real time optimization (RTO) are currently implemented
by using different types of models, which causes discrepancies between their results. This
work presents a single model of a crude didtillation unit (preflash, atmospheric, and
vacuum towers) suitable for all of these applications, thereby eliminating discrepancies
between models used in these decision processes. Hybrid model consists of volumetric and
energy balances and partial |east squares model for predicting product properties. Product
TBP curves are predicted from feed TBP curve, operating conditions (flows, pumparound
heat duties, furnace coil outlet temperatures). Simulated plant data and model testing have
been based on a rigorous distillation model, with 0.5% RMSE over a wide range of
conditions. Unlike previous works, we do not assume that (i) midpoint of a product TBP
curve lies on the crude distillation curve, and (ii) midpoint between the back-end and
front-end of the adjacent products lies on the crude distillation curves, since these
assumptions do not hold in practice. Associated properties (e.g. gravity, sulfur) are
computed for each product based on its digtillation curve. Model structure makes it
particularly amenable for development from plant data. High model accuracy and its

linearity make it suitable for optimization of production plans or schedules.
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TBP true boiling point (£)
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1. Introduction

1.1 Crudedistillation unit

Crude didtillation units (CDUs) separate feed to a refinery into intermediate products
which are further process by the downstream units or blended into the final products.
CDUs are complex ditillation towers, producing severa products and having many
degrees of freedom which can be used to fine-tune the operation. Fig.1 shows an example
of a CDU in Aspen Plus (2006) consisting of a preflash tower (which remove light
components from the feed), atmospheric ditillation (which operates at atmospheric
pressure and separates bulk of the crude into several products), and vacuum digtillation

(which operates under vacuum to separate heavy end of the crude into severa products).

Since crude oil typicaly consist of large number of compounds, and its chemical
compositions is not known, petroleum refining community has adopted crude
characterization in a form of crude assays. An assay describes a crude oil in terms of
increasing boiling point temperatures at which specific parts of the crude will evaporate;
thisis so called true boiling point (TBP) curve, as shown in Fig.2. The entire TBP curve
is divided into non-overlapping sections (“cuts”). Other crude properties, e.g. % sulfur
or gravity or viscosity, also vary from one temperature range to another temperature

range (from one cut to another), as shown in Fig. 3 and Fig. 4.
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Figure 2. TBP curve for crude distillation unit
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If CDU is capable of perfectly sharp separation, each product stream from CDU will have
the yield corresponding to the width of the cut and its TBP curve will overlap its section
of the crude TBP curve. In redlity, product distillation curves differ significantly from
their respective section of the crude TBP curve. Fig. 2 shows crude TBP and product
distillation curve for a typical atmospheric distillation tower. Back end a product TBP
curve is above the crude TBP curve and the front end of the product TBP is lower than
the crude TBP curve. One should note that the back end of the lighter cut and the front
end of the adjacent heavier cut are not equidistant from the crude TBP curve. Similarly,
midpoint of a TBP distillation curve for a cut does not lie on the crude TBP distillation
curve. Such pattern as arule appearsin practically all industrial CDUs.  Unfortunately,
vast majority of the published works on simplified crude distillation modelling assume
that (i) the back end/front end points of adjacent products are equidistant from the crude
digtillation curve and (ii) the midpoint of a product distillation curve lies on the crude

distillation curve.

1.2 Main contributions

This work developed a high accuracy hybrid model of a crude unit. The model does not
rely of the assumptions (i) and (ii). Hence, the model computes correctly product TBP

curves that are observed in actual CDUs. In addition, we illustrate how to represent the
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crude assay data for this hybrid model and how product and crude TBP curves and
property distribution curves can be used to compute bulk properties (e.g. % sulfur) of the
product streams. Results computed by the hybrid model are compared with those from a
rigorous tray to tray model. Differences between the predictions by the two models are
within the error of the analytical instruments used to measure product distillation curves.

The main contributions for this research are:

a) Develop crude assay data modeling in a form required by the CDUs model. This
model can also be used for evaluation crude assay data without commercial process

simulation software such as Aspen plus, Pro/ll, etc.

b) Develop hybrid model of crude distillation unit for TBP prediction. This hybrid
model is not based on two widely used assumptions and amost linear except reflux
ratio in aimospheric model. The small size and high accuracy of this model can be

used in planning, scheduling and RTO.

c) Develop TBP based property prediction method and compare with other swing cut
related methods. These property prediction methods show nearly the same prediction
accuracy if using right yields which is not based on equidistance assumption. So
either of property prediction methods can be integrated with hybrid TBP prediction

model which can provide the yields.



1.3 Thesisoverview

In section 2, the brief review of the prior work on crude digtillation unit related the

products properties prediction and application in planning, scheduling and RTO is given.

Section 3 presents a simple way to estimate pseudo-components and properties for each
pseudo-components. The crude assay data and crude mix properties can be easily

estimated and can be used for further mode!.

Section 4 describes hybrid CDUs model for TBP prediction in detail including simulation

data generation, model developing, and verification.

Section 5 describes computation of other stream properties (e.g. specific gravity and
sulphur). Different swing cut methods are evaluated and compared with this TBP based

property prediction method.

Section 6 first highlights major accomplishments and result of this research, followed by

recommendation for future research.



2. Literaturereview
In section isto provide abrief review of some prior work relevant to this research. Topics
covered in this section include: crude distillation unit and swing cut related property

prediction.

2.1 Crudedistillation unit

Accurate and robust models capable of predicting CDU product yields and properties
took several decades of rigorous distillation tower model developments. Rigorous model
uses material and energy balance and liquid vapor equilibrium (LVE) for each tray. So it
can provide tray to tray information such as interna flowrate, temperature, etc. Rigorous
model is suitable for detail design and rea time optimization due to these features. The
first commercia flowsheet simulation software capable of solving reliably complex
distillation tower models was SSI/100 by Simulation Sciences, which was released in mid
1970s. Boston et a. (1974) published “inside-out” algorithm for rigorous tray to tray
simulation of distillation towers, which has become the basis for al present day
algorithms for digtillation of wide boiling mixtures. In mid-1980’s HY SIM introduced
the use of property curves, such as % of sulfur, and their mixing via pseudo components
to predict product properties other than digtillation curves (Svrcek(1989)). This was
soon followed by similar development in AspenPlus and Pro/ll. Since early 1990s

process simulation, design, and real-time optimization applications have relied on these
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large scale (10,000 equations or more) nonlinear model capabilities to predict accurately

the outcome of processing crude feedstocks under specified set of operating conditions.

In addition to rigorous distillation tower models, commercia simulators usually offer a
simplified, fractionation index based models of complex distillation towers (e.g. Aspen
Plus 11.1 Unit Operation Models.(2001)). These have been provided to fill the need for

easy to configure and easy to tune models of complex distillation towers.

Rigorous distillation models available in simulation software have many equations, are
highly nonlinear and are not suitable for use in production planning and scheduling. In
order to accomplish reasonable solution times for planning and for scheduling models,
crude units have traditionally been represented by various forms of linear and recently
simplified nonlinear models of CDU behavior, as described in the next section. RTO on
the other hand uses tray to tray rigorous distillation models, which makes them too large
for use in planning and scheduling. Bagajewicz et al. (2001) used rigourous model and
heat demand-supply diagram to design conventional atmospheric crude units considering

pumparound and heat exchange network design.

Production planning and production scheduling models require multiple representations
of the same crude unit, either because there are many periods and each period has at |east

one crude unit, or because the crude unit is represented by several modes of operation.



Two simplifying assumption which as a rule are used in these smplified models are: (i)
equidistance between the back end of the lighter cut and the front end of the heavier cut,
and (ii) the midpoint of a product TBP curve lies on the crude TBP curve (Watkins
(1979)). However, if one examines product distillation curves from actual crude
digtillation towers (or from rigorous tray to tray simulations), | becomes apparent that
both of these assumptions are incorrect and that they introduce significant errors in

predictions by the models which rely on them.

In simplified distillation unit models, FUG (Fenske-Underwood-Gilliland) mode is the
best-known one. The Fenske equation estimates the minimum number of theoretical
stages at tota reflux (Fenske (1932)). The Underwood equation estimates minimum
reflux for an infinite number of theoretical stages (Underwood (1948)). The Gilliland
equation estimates the number of theoretical trays required for a given split with the
reflux at afixed multiplier of the minimum reflux ratio (Gilliland (1940)). Suphanit (1999)
developed simplified model for crude distillation include modified FUG model, sider —
strippers and side-rectifiers. Gadalla (2006) extended this method using in retrofitting for
minimal cost and CO2 emissions. Chen (2008) developed an algorithm to find the light

key and heavy key component in simplified CDUs model.

Simplest approach to modelling crude units in a mathematical programming planning

model isto represent each cut by itsyield and approximate its distillation curve by
9



a) Adding some “delta differences” ATB; (wherei can be e.g. 90%, 95%, 99%, 100%)

to the crude distillation points at the back end of the product, and

b) Subtracting some delta differences ATF (where i can be eg. 10%, 5%, 1%, 0%)

from the crude distillation points at the front end of the product.

Such approximation is not redlistic, snce CDU unit can operate under variety of
conditions, which leads to different sharpness of separation between adjacent products.
In other words, deviations from the crude TBP curves are not constant.  In addition, this
model assumes that the middle section of the product distillation curve (including 50%

midpoint) correspond to the crude distillation curve, which is practically never correct.

Frequently used improvement is to define distinct operating states (modes) that will be
employed for the crude unit by Brooks et al.(1999). Each operating state is then
characterized by different set of “delta differences” for each product. This approach
improves somewhat prediction of the product front end and back end distillation points,
but till suffers from the fact that these predefined operating modes cannot represent
changes in separation which may be required to optimize product blending for a
particular demand pattern.  Similarly, middle section of the product TBP curve leads to

erroneous computation of other properties.

10



Alattas and Grossman(2011) derived an approximate nonlinear crude distillation model
which uses fractionation indices and proposed that the fractionation indices be tuned for
different sets of operating conditions. This fraction index method first introduced by
Geddes (1958) and extended applied in crude distillation unit by Gilbert (1966). Thisis
similar to the simplified models used in the process simulators (e.g. AspenPlus) and aso
is similar to models used by some refining companies in their planning models. They
also assumed equidistance between the back end of the lighter cut and the front end of the
adjacent heavier cut. Alatas and Grossman (2011) did not publish a comparison of their

model with rigoroustray to tray results.

All of the above research efforts have relied on the equidistance assumption and on the
assumption that the midpoint of the product TBP curve lies on the crude TP curve.
Mahalec and Sanchez (2012) presented a model of an atmospheric pipestill which does
not assume equidistance between adjacent (back, front end) pairs and also does not
assume that the midpoint of the product TBP curve lies on the crude TBP curve. The
model was designed with real time applications in mind. Hence, they assumed that the
temperature profile in the towers could be estimated from several available tray
temperature measurements. This enabled accurate computation of the interna vapor
and liquid flows in the tower in mass units (not mole units) and the interna reflux.

Product TBP curves were then computed based on the crude TBP data, product yields,

11



stripping steam flows, and pumparound duties. The model was demonstrated to predict
product TBP pints typically with less than 1% error (for 5% to 95% points on the
digtillation curve). An example application of the model led to an optimum which was
verified as feasible via AspenPlus simulation and it was better that the result computed by

optimization of the corresponding rigorous tray to tray mode in AspenPlus.

Ochoa-Estopier et al. (2014) presented areview of various efforts to create reduced order
crude distillation models. They developed a very accurate neura network based model

of a crude distillation unit and compared its results to a rigorous simulation.

2.2 Swing cut method

In refinery planning model, a widely used method is to define a swing cut, i.e. amount of
the front end of the heavier cut which is transferred to the back end of the adjacent light
cut (or the amount of the back end of the lighter cut which is transferred to the front end
of the heavier cut). Purpose of the swing cuts is to approximate product distillation
curves. Swing cut is an assumed cut between the two adjacent products, most often
with constant properties. The size of the cut is assumed as a fixed ratio (volume or
weight based) to the total feed to the distillation tower, or as a TBP interval of specific
size. If there are more than one crude present in the feed, then the swing cuts from all
crudes are mixed and the resulting “mixed swing cut” is distributed among the adjacent

products.  Since the assumption is that the properties of each swing cut are constant for
12



the entire TBP range of the swing cut, this methodology cannot represent accurately the

fact that the properties are distributed nonlinearly across TBP intervals.

Once product TBP curve is known, its bulk properties can be computed by the
methodology which is used by rigorous simulation models (pseudo components “carry”
with them other properties and are blended to compute product bulk properties), as
illustrated by Menezes et d.(2013). Menezes et a divided each swing cut into “light part”
and “heavy part”. Their approach still leaves open the question of how to determine the

size of the cut in relationship to the separation capabilities of the distillation tower.

In order to apply the swing cut methodology one must decide on the amount of the
transferred components and on their digtillation properties. Zhang et a.(2001) applied
swing-cut model by taking into account how fractions of the same distillation points
swing between adjacent cuts. Li et al. (2005) employed weighted average of the yield
changes by using the weight transfer ratio of each product cut. Guerra et al.(2011)also
employed swing cut model. Recognizing the limitations of swing cut methodology, Pinto
et a. (2000) and Neiro and Pinto (2004) proposed use of nonlinear models to derive delta

models and swing cuts.

13



3. Crude assay data r epresentation
3.1 Introduction

Crude oil typically consist of large number of compounds, and its chemical
compositions is not known, so petroleum refining community has adopted crude
characterization in a form of crude assays. This research use widely used
pseudo-component method, in which the crude oil is cut into pseudo-components based
on boiling ranges. In this thesis, the pseudo-component definition follows rules shown in
Tab. 1. This method can easily generate the pseudo-components using for CDUs

modeling especialy for those without simulation software application.

There are two crude oils for modeling in this research. The light end hydrocarbon and

properties show in Tab. 2.The assay data of crude oil 1 and crude oil 2 show in the Tab.

3and Tab.4.
Table 1. The pseudo component definition rules
Boiling-point range Increment
F F
100 to 800 25
800 to 1200 50
1200 to 1400 100
1400 to 1640 120
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Table 2. Light end of crude assay hydrocarbon boiling point

Name Abbreviation Normal boiling point (F)
Methane C1 -258.7
Ethane C2 -127.5
Propane C3 -43.78
| sobutane IC4 10.89
N-Butane NC4 31.1
2-Methyl-Butane IC5 82.18
N-Pentane NC5 96.91
Table 3. Crude oil 1 assay data
crudeoil 1
TBP Light end APl curve | Sulfur curve
LV% | Temperature (F) | Name LV% | LV% LV% | wt%
6.8 | 130 Methane 01 |5 N |2 0
10 180 Ethane 0.15 |10 68 |5 0.01
30 418 Propane 09 |15 59.7 | 10 0.013
50 650 | sobutane 04 |20 52 |20 0.05
62 800 N-Butane 16 |30 42 |30 1.15
70 903 2-Methyl-Butane | 1.2 | 40 35 |40 1.62
76 1000 N-Pentane 17 |45 32 |45 19
90 1255 Water 0 50 28.5 | 50 2.15
60 23 | 60 2.54
70 18 |70 3
80 1351 80 3.7
bulk 314 2.3
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3.2 Methodology

3.2.1 Crude oil assay data modeling

The procedures for crude oil assay data modeling (take crude oil 1 as an example):

a) Extrapolate the TBP curve for the crude assay data. It is very common lacking the
analysis crude assay data of high boiling point range when generating pseudo
components based on boiling point ranges (like crude oil 1). So we need to
extrapolate the incomplete TBP curve to cover al the boiling point range. Sanchez et
al. (2007) reviewed several different probability distribution functions to fit
digtillation curve of petroleum products. They concluded that the cumulative beta
function with 4 parameters can give a good extrapolation. So in this thesis, the beta
cumulative density function (Eq. 1) and objective function of Min-Max are used to
perform extrapolation of TBP curve of crude oil. The formula for beta cumulative
density function is given by EQq. 1. The parameters using in this equation are
calculated by Min-Max optimization of the objective function shown in Eq. 2. The
procedure for the extrapolation shown in Fig.5. The extrapolation results for crude
oil 1 TBP curve are shown in Tab. 5, while the Fig. 6 compares the extrapolated
curve with AspenPlus result. We can see that four parameters beta function gives us

accurate extrapol ation when compared with Aspen plus.
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f(e, 0.8, 4, B) = [ gharaiio (=) (5= e, ®

x < B, where ' isthe standard gamma function. «,3,A4,B arethe four parameters
for the beta function. « and 3 are positive parameter that control the shape of the
distribution. A and B parameters set lower and upper bounds on the distribution and =

isthe normalize crude oil temperature. f isthe beta accumulative density function.

Cdculate V% from Eq. 1 using normalized temperature given by Eg. 3 and

Opred,i

minimize deviations from the crude assay TBP points by using Eq. 2:

Minmax?_o(LV %oprea; — LV %oassayi)? i = 0...n known crude assay data 2
TBP—TBP.,in
TB-P'rw’r'm = TBPmaz—TBPmin (3)

T BP,omm ts the normalized crude ool T'B P point

TBP,,, and TBP,,.. define the range of crude oil T BP points

b) Use linear interpolation to compute the volumetric percentage of each pseudo
component. Once we define the boiling point range for each pseudo component, the
volumetric percentage of each pseudo component can be calculated. Fig. 7 compares

the results from this procedure with AspenPlus.
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c)

d)

Define the range of TBP curve for crude oil

Normalize the known crude oil assay TBP points using Eq.3.

Calculate the LV% using accumulative density function
for each normalized TBP point

|

Optimize the four parameters (o,5,A,B)
by minimizing the largest error
between LV% prediction and assay data for each known crude oil TBP points

Extrapolate the TBP result using the four parameters (a,3,A,B)
which were computed in previous step

Figure 5. Procedure for beta function extrapolation

Use linear interpolation to compute the specific gravity of each pseudo component.
The mid-point of the pseudo component TBP range is used as this pseudo component
boiling point. The specific gravity can be obtained by linear interpolation of specific

gravity curve of crudeoil. Fig.8 compares the results with Aspen plus.

Use linear interpolation to calculate the sulfur content for each pseudo component.

Fig.9 compares the results with Aspen plus.
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Table 4. Crude oil 2 assay data

crude oil 2
TBP Light end AP sulfur
LV% | Temperature (F) LV% | LV% LV% | wt%
6.5 | 120 Methane 02 |2 150 | 2 0
10 200 Ethane 05 |5 9% |5 0.01
20 300 Propane 05 |10 65 |10 0.015
30 400 Isobutane 1 20 45 |20 0.056
40 470 N-Butane 1 30 40 |30 13
50 550 2-Methyl-Butane | 0.5 | 40 38 |40 17
60 650 N-Pentane 25 |50 33 |45 2
70 750 water 01 |60 30 |50 2.3
80 850 70 25 | 60 2.7
90 1100 80 20 |70 3.2
95 1300 90 15 |80 3.8
98 1475 95 10
100 | 1670 98 5
bulk 34.8 25
Table 5. Beta function extrapol ation results compared with aspen plus
TBP aspen plus beta extrapolate
LV% F F
0 -75.63 1.75
1 -13.01 29.75
5 94.22 104.81
10 180.13 177.27
30 418.26 418.78
50 650.04 650.01
70 903.60 907.00
90 1256.54 1256.42
95 1410.12 1393.42
99 154851 1578.60
100 1561.44 1686.45
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Figure 6. TBP curve extrapolation results for crude oil 1 using betafunction
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Figure 7. Volumetric percentage for each pseudo component for crude oil 1
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21



After getting the property distribution curve, the bulk properties can be estimated by
accumulating the curve according to the type of properties (volumetric based or mass
based). For volumetric based properties (such as specific gravity), Eq. 4 is used. For mass

based properties (such as sulfur), Eq. 5 is used.

=0 .
BulkProp,e =Y. vol; ¥ Prop; i = pesudo component @

i=0 t
vol; %SG *Prop; .
Bulk Propmass = znzizolvoli*?sai Pi i = pesudo component (5)
n g

3.2.3 crude mix modeling
The procedures for crude oil mix modeling:

Cumulate the volumetric for light end part and each pseudo component to generate TBP
curve for crude mix. EqQ. 6 is used to calcul ate the volumetric for each pseudo component.
Then TBP curve for the crude mix is calculated by accumulating the volumetric of each
pseudo components.

vol; = 3 7_gvol; j * fraction; (6)

i = pesudo component; j = 1,2(crude oil 1, crude 0il 2),
fraction means the fraction of a specific crude oil in the crude mix

Cumulate volume based properties (such as specific gravity) as Eq. 7.
prop; = Y i_ fraction,g,; * prop; ; (M
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i = pesudo component; j = 1,2(crude oil 1, crude o0il 2)

Cumulate weight based properties (such as sulfur) as Eq. 8.

j=0 ) o
raction,,; %SGy i xprop;. ;
prop; = Za fi:o vol,j *2 0, j¥PTOPij ©
ST  ratioyer, ;%SG

i = pesudo component; j = 1,2(crude oil 1, crude 0il 2)

Once property curve is obtained, the bulk properties for crude mix can be calculated

using Eq. 4 and Eq.5.
3.3 Case study

3.3.1 Crudeoil results

There are four different methods used to represent crude assay data. The method includes
all scenarios with or without aspen plus data shown in Tab. 6. In the Tab. 6, the middle
point means the middle points of each pseudo component range are used as normal
boiling point for respective pseudo component. Pricewise linear interpolation is used to
calculate the respective pseudo component properties such as TBP, specific gravity and
sulfur. For crude oil 1, the TBP, SG, and sulfur prediction comparison shown in Tab 7-9
compared with Aspen plus results. For crude oil 2, the TBP, SG, and sulfur prediction

comparison shown in table 10-12 compared with Aspen plus results.
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Table 6. Crude oil assay data presentation method

TBP SG Sulfur
Pseudo Distribution Distribution Distribution
Method 1 n/a Pricewise  Linear | Pricewise Pricewise
interpolation Linear Linear
interpolation | interpolation
Method 2 Middle point | Aspen plus Aspen plus Aspen plus
Method 3 Middle point | Pricewise  Linear | Pricewise Pricewise
interpolation Linear Linear
interpolation | interpolation
Method 4 Aspen plus Aspen plus Aspen plus Aspen plus
Table 7. TBP prediction comparison for crude oi 1
TBP Aspen plus method 1 method 2 | method 3 | method 4
LV% F F F F F
1 -13 -58 -58 -58 -58
5 %} 88 88 88 88
10 180 180 178 179 178
30 418 418 418 419 418
50 650 650 650 651 650
70 904 903 906 907 905
90 1257 1255 1271 1256 1269
95 1410 1346 1414 1347 1413
99 1549 1419 1573 1420 1561
Table 8. Specific gravity prediction comparison for crude oil 1
SG Aspen plus method 1 method 2 | method 3 | method 4
LV (%) glem® glem?® glem® glem?® glen?
0 0.30 0.57 0.26 0.26 0.26
5 0.63 0.64 0.63 0.63 0.63
10 0.71 0.71 0.71 0.71 0.71
30 0.82 0.82 0.82 0.82 0.82
50 0.88 0.88 0.89 0.88 0.89
70 0.95 0.95 0.95 0.95 0.95
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90 1.00 101 101 101 101
95 1.03 1.02 1.03 1.02 1.03
100 1.06 1.03 1.05 1.03 1.05
bulk 0.87 0.87 0.86 0.86 0.86
Table 9. Sulfur prediction for crude oil 1
Sulfur Aspen plus method 1 method 2 | method 3 | method 4
LV (%) Wt% wt% Wt% wt% wt%
0 0.00 0.00 0.00 0.00 0.00
5 0.00 0.01 0.00 0.00 0.00
10 0.01 0.01 0.01 0.01 0.01
30 1.09 1.15 1.10 1.10 1.10
50 2.03 2.15 2.10 2.10 2.10
70 2.83 3.00 2.96 2.96 2.96
90 4.46 4.40 431 431 431
95 5.05 4.75 4.65 4.65 4.65
100 5.59 5.10 4.99 4.99 4,99
bulk 2.26 2.36 2.33 2.33 2.33
Table 10. TBP prediction for crude oil 2
TBP Aspen plus method 1 method 2 | method 3 | method 4
LV (%) F F F F F
1 -38 =77 =77 =77 =77
5 97 90 90 90 90
10 201 200 197 193 197
30 400 400 398 396 398
50 551 550 551 549 551
70 750 750 750 747 750
90 1100 1100 1106 1098 1105
95 1299 1300 1309 1297 1308
99 1525 1573 1563 1552 1553
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Table 11. Specific gravity prediction comparison for crude oil 2

SG Aspen plus method 1 method 2 | method 3 | method 4
LV (%) glen? glen? glem® glen? glem®
0 0.30 0.42 0.28 0.28 0.28
5 0.63 0.62 0.63 0.63 0.63
10 0.72 0.72 0.72 0.72 0.72
30 0.82 0.83 0.81 0.82 0.81
50 0.86 0.86 0.86 0.86 0.86
70 0.91 0.90 0.91 0.90 0.91
90 0.98 0.97 0.98 0.97 0.98
95 1.01 0.98 1.01 0.98 1.01
100 1.06 1.00 1.05 1.00 1.05
bulk 0.85 0.84 0.85 0.84 0.85

Table 12. Sulfur prediction for crude oil 2

Sulfur Aspen plus method 1 method 2 | method 3 | method 4
LV (%) F F F F F
0 0.00 0.00 0.00 0.00 0.00
5 0.00 0.01 0.00 0.00 0.00
10 0.02 0.02 0.02 0.02 0.02
30 1.34 1.30 1.29 1.24 1.29
50 2.37 2.30 2.37 2.29 2.37
70 3.30 3.20 3.33 321 3.33
90 4.64 4.40 4.57 4.40 4.57
95 5.04 4.70 4.88 4.70 4.88
100 5.38 5.00 5.19 5.00 5.19
bulk 2.48 244 2.55 243 2.55
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3.3.2 Crude mix results

The crude mix prediction results shown in Tab. 13-15 compared with Aspen plus.

Table 13. TBP prediction for mix crude

TBP Aspenplus | thisthesis | thisthesiserror
LV (%) F F %
1 -32 -71 122.23
5 97 90 -7.56
10 196 193 -1.72
30 403 401 -0.51
50 567 568 0.13
70 772 775 0.42
90 1143 1155 1.02
95 1332 1338 0.50
99 1532 1566 2.22

Table 14. Specific gravity for mix crude

SG Aspen plus thisthesis thisthesis error
LV (%) glen? glen? %

0 0.300 0.405 34.918
5 0.631 0.628 -0.495
10 0.719 0.717 -0.258
30 0.820 0.811 -1.086
50 0.862 0.864 0.175
70 0.913 0.920 0.753
90 0.985 0.989 0.409
95 1.015 1.016 0.113

100 1.055 1.051 -0.348

bulk 0.854 0.851 -0.378
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Table 15. Sulfur prediction for mix crude

Sulfur Aspen plus mode 3 mode 3 error
LV (%) wt% wt% %
0 0.00 0.00 0.00
5 0.00 0.00 0.00
10 0.02 0.02 22.47
30 131 1.25 -4.49
50 2.33 2.31 -0.75
70 3.30 3.27 -0.99
90 447 4.52 1.06
95 4.99 4.84 -3.05
100 5.42 5.15 -4.90
bulk 2.44 2.50 2.65
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4. Hybrid model for TBP prediction
4.1 Introduction

Sample crude distillation unit (see AspenTech “Getting Started with Petroleum
Didtillation Modelling” (2006)) used in this research is shown in Fig.1. It consists of a
preflash tower, an atmospheric distillation tower, and of a vacuum digtillation tower.
Rigorous model of this unit is used in this work as a substitute for an actual crude
digtillation unit. “Plant data” used in this study have been generated from this rigorous
model. All volumetric flows are expressed as liquids at the standard conditions; all
measurements will be expressed in imperial units, as it is customary in North American

refineries.

If each tower in the CDU was carrying out perfect, sharp separation, then the entire feed
would be separated into cuts as shown by dashed vertical linesin Fig. 2 and each product
would have TBP curve identical to the corresponding section of the crude feed. Note
that Fig. 2 represents all products from the CDU. Since separation is not perfect, the

actual product distillation curves are represented by S shaped curves as shown in Fig.2.
4.2 Material and energy balances

CDU didtillation towers have a significant amount of stripping steam as their feeds.
Since water does not mix with hydrocarbons, volumetric or mass balances for
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hydrocarbons in each tower will be considered separately from the water balances.

Volumetric balances (on adry basis) for the three distillation towers are:

Preflash tower:

Fieed, (dry) = Fign(dry) + Fapn(dry) + Freea,, (dry) ©)

Atmospheric pipestill:

Ffeedap (dry) =

thph(dlry) + erro(dry) + Fdsl (d'f"y) + Fago(d’r?]) + Ffeedup (d’y) (10)
Vacuum pipestill:

Ffezedvp (dTU) = Fl'vgo(dTy) + Fh’ugo(dry) + Fr'esid(dry) (11)

Water mass balances are:

Preflash tower:

AJF‘stm,pf — ]\/[Fumterpf (12)

Atmospheric pipestill:

M fvst’map + M lﬂvsskew, + M -l"‘ssdsl + M 1"‘53/4(;0 =M -l""waterap (13)
Vacuum pipestill:
]u-Estmvp = MF top—vapor (14)
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Energy balances will also be written separately for hydrocarbons and for water.

Preflash tower:

Ff@cdpf (dry) * Pfeed,; * hfeedp/ + Qdutyyy, fur = Flgl(d'ry) * prge* Hygy +
anh(dry) * Pnph * hnph + Ffeedup (d'!/) * pfeedu,, * hfeedup + Qcond(d'ry)pf

]\/-TFstmpj * Hstmpf = ]\'/[quterpf * hwaterpf + Qcond(water)pf
Qcond(wet)pf = Qcond(dry)pf + Qcond(wate'f')pf

Atmospheric pipestill:

chalr,,,,(dry) * Pfeeda, * h/fccda,p + QdUtya'p,fur = F}mph(dry) * Phnph * hh’nph
+ erro<dry) * Prero * Rkero + Fdsl(dry) * Past * hasy + Fa.go(dry) * Pago * hago

2
+ vaffeed(dry) * Pup—feed * hvpffeed + Z nguzfyu.,QPA;c + +Qcond(d7‘y)
k=1

3
JWFstmap * Hstma,,, + Z (]\/[Fssi * Hssi) = Aﬁ[Fwaterap * hwatc-ra,, + Qcond(’water)ap
i=1
1 =1,2,3(kero, dsl, ago)

Qca'n,d ('LU et) ap — Qca'n,d (dTZ/ ) ap + Qco’n,d (water) ap

Vacuum pipestill:

Freed,,(dry) * preed,, * Nreed,, + Qdutyvp, rur = Frvco(dry) x prvao * hrveo

2
+ FH\/GO (dry) * PHVGO * hHVGO + Fresid(dry) * Presid * hresid + Z Qdutyvp,QPAk
=1

A[Fstmvp * Hstmvp - ]V[Ftopf‘vapa'r' * Htopfvapor
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Steam balance for VP tower (EQ.22) assumes that the entire vapor stream from the top of

the VP tower is steam.

4.2 Enthalpy calculation

We need to compute unit enthalpies [energy/mass| of hydrocarbon streams, energy
supplied by the furnace, energy removed by the condenser, and the pumparound duties.
We assume that at some base operating conditions we have available bulk
thermodynamic properties (stream enthalpy, specific heat capacity, density, and heat of
vaporization).  Thermodynamic properties at conditions different from the base case
are then computed as incremental changes from the base case.  We will aso assume that
the pressure in each digtillation tower does not vary significantly from the pressure at the
base operating state, as is the case in refinery operations.  Computation of energy
balances is carried on a dry basis, disregarding steam balances. This does not have an
impact on the accuracy of calculation, since the stripping steam flows through the tower

without alarge change in the steam enthalpy and it is condensed at the top of the tower.

Since the mode will be used to predict operation under a variety of conditions,
temperatures of the liquid streams leaving e.g. atmospheric distillation tower will vary.
If we employ [energy/mass] instead of [energy/mole], we will notice that the specific
heat capacities of hydrocarbons of similar molecular weights are approximately the same.

Therefore, if the composition of a stream varies around some base composition, the
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specific heat capacity of the material remains practically constant. For instance, if
kerosene 95% point changes by 10 or 20 deg F, there are some changes to its composition
but its specific heat capacity remains practically constant. ~ Since rage of changes in
operating conditions is relatively small with respect to the base case, we can also assume
that the specific heat capacities of individua streams do not vary with temperature when
the didtillation tower moves from one operating state to another. Therefore, unit
enthalpy of a stream can be calculated by Egs. (15) and (16) for liquid and vapor

streams, respectively.

hi = hY + Cip(Ty — T?) “

H; = HY + C; v(T; — T?) (24)

Temperature of a stream leaving a side-stripping tower differs from the temperature of the
main tower draw-off tray by some difference. This difference changes somewhat from
one set of operating conditions to another, but for purposes of energy balance cal culations
it can be assumed to be constant. Hence, if we can estimate the temperature at the
draw-off tray, then we can caculate the temperature of the stream leaving the
side-stripping tower. Temperature at the draw-off tray varies with the boiling point of
the material on that tray, which is aso the same material as the one leaving the main

tower and it is closely related to the product stream from the side-stripper. Front end of
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the distillation curve of the product stream is heavier than the front end of the material on
the draw-off tray, due to additional separation and the steam used in the side-striper.
These considerations lead us to a relationship between the draw-off tray temperature, the
product cut point temperature, and (stripping steam/product flow) ratio, Eq. (17) for each

of the side products i.

Tdraw_off_tray‘,i =ag+a * CUttap,i + a2 x S*Si/yap,i (25)

and the product p stream temperature is then:

E = Tdraw_off_tray,i + as (26)

Heat duty of the condenser for the atmospheric tower can be computed from the heat of
vaporization of the distillate and the total liquid leaving the condenser. Maxwell (1932)
presented heats of vaporization for hydrocarbons at various pressures, showing that at the
pressure of 1 atmosphere the heats of vaporizations of C7 to C10 hydrocarbons are within
5% of each other.  Since naphtha composition can vary significantly from one operating
state to another, and since the condenser is a very large contributor in the energy balance,
heat of vaporization of naphtha needs to be estimated as accurately as possible.
Mid-point at the distillate TBP distillation curve T50d is a good surrogate for naphtha
composition. We can use linear approximation around the base operating conditions, as

shown by Eq. (19), to compute the heat of vaporization of the distillate. Fig. 10 shows
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the relation between naphtha TBP 50% point and the latent heat for naphtha. From Fig.10,
The straight lineis used for regression. The 12? isonly 0.6965, but the error of prediction
isabout £5mbtu/lb compared with average value 192mbtu/1b, the error is about 2.5%.
Fig. 11 shows the comparison of the predicted value of latent heat and the latent heat
value from AspenPlus with three different crudes at wide range of operation conditions.
Approximated heat of vaporization has at most 2.5% error compared to the rigorous

calculation from a comprehensive thermodynamic package.

Aa = Ay +ay % (TBPys0 — TBPYy) @)

More accurate computation of the latent heat of naphtha can be accomplished by an
iterative procedure by estimating naphtha TBP curve from the model, recalculating the
heat of vaporization, estimating again naphtha heat of vaporization, etc. until the desired
accuracy is achieved.  Since the model predictions are already very accurate, such

iterations are not necessary and we have verified such conclusion by experiments.
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4.3 M ethodology

Didtillation curves shown in Fig. 12 illustrate that the product ditillation curves as arule
do not overlap with the feed distillation curve. This is the case in general, not just for
the example model used in thiswork. Hence, we can not assume that the middle section
of the product TBP curve coincides with the feed TBP and then add corrections to the
front end and the back end. Such procedure leads to an erroneous product TBP curve
which then leads to inaccurate prediction of other properties, since they are computed via

their association with the product pseudo component distribution.

Instead of assuming that the middle section of the product TBP curve lies on the feed
TBP curve, we need to estimate it from tower operating data, as introduced by Mahalec
and Sanchez (2012) (Fig. 12). After that, deviations from the front and the back ends of
the line are estimated, as shown in Fig. 12. The procedures for two steps method shown

inFig. 13.
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Figure 13. Procedures for two steps method
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The middle section of the curve is predicted as by partial least squares (PLS) model using
feed TBP curve and the yield of individual products. This section represents how a
given distillation tower separates the bulk of the crude among the products, based on the
tower structure. It is not directly impacted by changes in other operating conditions,
other than through their impact on the yield of individual products. The vertical
deviations between the middle section straight line and the front and back sections are

predicted by adifferent PLS model using cut information and operating conditions.

Cumulative cut width of each product (ccwp,, ;) is defined as:

CCWPy,; = Z? yu,i/feedu (28)
=0

Then the cut point temperature (cutt,, ;) of each product can be calculated from the feed

TBP curve as shown in Fig. 14.
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Figure 14. Product cumulative cut width and cut point temperature

Separation in the tower is governed by the number of trays and by the interna reflux.
Since in production planning and scheduling we do not know the temperature profile in
the tower, the model uses external reflux to determine the separation in the tower. In
order to account for the internal vapor flows in the tower, the mode uses fraction of the

feed that vaporizes at the furnace coil outlet temperature (COT).

4.4 Preflash Tower

Purpose of the preflash tower is to separate the light components from the crude. From

planning or scheduling viewpoint, specifying the overhead distillate flowrate is the most



important decision. In order to increase accuracy of the predictions, the model requires
the condenser temperature (which can be to be assumed constant for planning and
scheduling applications), stripping steam flow and overflash.  In addition to product
properties, the models calculates furnace COT (see Tab. 16). Alternatively, for use in

plant operation, one can specify COT and the model calculates the overflash, as shown in

Tab. 17.

Table 16. Preflash tower model: input and output variables
Inputs Outputs
Mix crude TBP curve PF Furnace Duty
Mix crude density curve PF Naphtha TBP curve(30,50,70,90,95,99)
Mix crude flowrate(fixed) AP Feed TBP curve (1,5,10,30,50,70,90,95,99)
PF Stripper steam flowrate AP Feed density
PF Condenser temperature(fixed | AP Feed flowrate(dry)
170F)
PF overflash (fixed 5%)(vol) AP Feed enthalpy (dry)
PF Digtillate flowrate(wet) or PF | PF COT or PF distillate flowrate(wet)
CcoT

Preflash tower model was developed from simulation data for very light crude and for
very heavy crude (total of 54 cases). The mode was then tested against a crude feed
consisting of mixtures of medium crude (total of 27 cases). Range of changes in

operating variables is shown in Tab. 18.

Table 17. Alternative specification for the preflash tower model

(C: calculated, S: Specified)

\ Variables \ Spec Option 1 \ Spec Option 2 \
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PF-feed flowrate

PF overflash

PF Steam flowrate

PF distill ate rate flowrate

nonnwn

PF COT

Onnnwn

Table 18. Range of operating variables and feed compositions

for Preflash data generation and testing

Variables Perturbation # of experiments
PF distillation flowrate(wet) [bbl/d] +10000 3

PF COT [deg F] +10F 3

PF Steam flowrate [Ib/h] +2000 3

Dataset for modeling(light and heavy crude) 3*3*3*2=54
Dataset for test(medium crude) 3*3*3*1=27
Totd for three different crude mixes (heavy, medium, light) 3*3*3*3=81

Equations to predict product TBP curve of the liquid distillate are as follows:

The straight line through the middle section:

TBP;,j = a;j0+ aij1* TBPrecq,; 10 + Qij2 * cCCWppyri + i j3 * cutlys; (29)

i = 0(nph) j = 30,50, 70

TBP; ;= aijo+ aij1* TBPrecd,; 30 + Qij2* cCWpppi 1+ G j3 % cutlyri i (30)

i = 1(feedq,) j = 30,50, 70

The deviations from the straight line are defined as:
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TBPL =TBPF,, — TBPi,j i=1(feed,) k=01,0510 (31)

TBPY =TBPi,j—TBP,; i=0(nph) k=290,95,99

(32)
The deviations for the front and the back sections are given by:
TBP,;Z = a; 0+ aij1x COTpp 4 a; jo * coWppsi + ;53 * cutty
+ Qi ja % Sty (33)
i =0(nph) 35 =190,95,99
TBP&- =a; 0+ ij1*x COT,p + a; 2% ccwpi—q + a; 3% cutt,_q
+ Q54 % Stmpf + Qi 5 % TBPcrudcﬁO (34)

i =1(ap — feed) j = 01,05,10
TBPLdJ = Q45,0 + Q5.1 * TBPC’I"U,de,BO + ;5.2 * T-B-Pcrude,70 + ;53 * TBP(;7"ude790 (35)
i =1(ap — feed) j =90,95,99

TBP curve of the feed to the atmospheric distillation tower is computed by estimating its
front end; the remainder is copied from the TBP curve of the preflash tower feed.
Results from the model testing are presented in Table 19. Maximum error is for 99 vol%

TBP point and thisis still lessthan 1% error.

Table 19. Test results for the preflash model

Product TBP R2Y [Q2(cum) |[AVERAGE |[RMSEE |RMSEP
Vol (%) F F F
PF-naphtha | 30 0.990 |0.988 1685 0.6 0.7
50 0.990 |0.988 237.8 1.0 0.8
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70 0.990 | 0.988 287.6 0.4 04
90 0.968 | 0.898 355.6 11 1.0
95 0.968 | 0.898 380.3 15 15
99 0.933 | 0.592 406.9 3.7 35
AP-feed 1 0.996 | 0.996 198.9 0.6 0.6
5 0.998 | 0.998 313.4 0.5 0.5
10 0.944 | 0.943 385.3 1.6 14
30 0.999 | 0.999 538.5 0.5 0.4
50 1.000 | 1.000 708.4 0.7 0.8
70 0.998 | 0.998 895.8 2.3 14
90 1.000 |1.000 1253.8 0.2 0.2
95 1.000 |1.000 1407.3 0.2 0.2
99 0.965 | 0.965 1558.6 0.2 0.1

4.5 Atmospheric tower

Input and output variables for the atmospheric digtillation tower are shown in Tab. 20.
Note that we use ratio [reflux/(reflux + didtillate), i.e. R/(R+D)] instead of
[reflux/distillate], since it represents more closely the internal reflux in the tower.
Energy baance requires that we either specify one of the pumparounds and compute
R/(R+D) or specify R/(R+D) and compute the second pumparound. Various options for

specifying the model are givenin Tab. 21.

Table 20. Input and output variables for atmospheric tower

Input Output

AP Feed flowrate (dry) AP HNaphtha TBP curve(50,70,90,95,99)

AP Feed density AP Kero TBP curve(1,5,10,30,50,70,90,95,99)
AP Feed enthalpy (dry) AP Diesel TBP curve(1,5,10,30,50,70,90,95,99)
AP HNaphtha flow (dry) AP AGO TBP curve(1,5,10,30,50,70,90,95,99)
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AP Kero flow (dry) VP Feed TBP curve(1,5,10,30,50,70,90,95,99)

AP Diesd flow (dry) VP Feed flowrate (dry)
AP QPAL1 duty VP feed density

AP  Stripper  steam  flowrate

(SS1,SS2,SS3,steam)

AP Overflash(fixed 3%)(vol)

AP QPA2 duty or AP Reflux ratio | AP Reflux ratio (R/(R+D)) or AP QPA2 duty
(RI(R+D))

AP AGO flow or AP COT AP COT or AP AGO flowrate

Data for development of the atmospheric pipestill model have been generated by
simulating operation with a light crude feed and with the heavy crude feed for arange of
operating variables (192 cases), as shown in Tab.22. The feed was calculated by the
rigorous simulation of the preflash tower, since this represented the feed as it would be
produced in area plant. The mode was then tested (96 cases) against predictions from
rigorous simulations for a mixed crude feed (between the light and the heavy crude).
Results of the model testing are shown in Tab. 23. In these tests, al TBP points
computed by the hybrid model in these test were less than 1% from the TBP points

computed by the rigorous simulation.

Table 21. Alternative specification for atmospheric tower model

(C: calculated, S: Specified)

Variables Spec Option 1 | Spec Option 2 | Spec Option 3 | Spec Option 4

AP HNaphthaflowrate | S S S S

AP Kero flowrate

AP Diesd flowrate

nnw
nnw
nnw
nnw

AP Overflash




AP QPA1 duty S S S
AP SS1(Kero) flowrate S S S
AP SS2(Diesdl) S S S
flowrate

APSS3(AGO) flowrate S S S
AP Steam flowrate S S S
AP Reflux ratio C S C
(R/(R+D)

AP QPA2 duty S C S
AP AGO flowrate C S S
AP COT S S C C

Table 22. Perturbations of operating variables and feed compositions

for atmospheric tower data generation

Variables Perturbation # of experiments
AP QPAL1 duty (mmbtu/h) +40% 3

AP QPA2 duty(mmbtu/h) +40% 3

AP SS1,SS2,SS3 flowrate (Ib/hr) +40% 9

AP steam (Ib/h)& AP COT (Deg F) +40%& =20 Deg F 9

Base case, Max Naphtha, Max Kerosene, Max Diesel 4

Dataset for modeling(light and heavy crude) 24* 4*2=192
Dateset for test(medium crude) 24* 4*1=96
Tota for three crude mixes (heavy, medium, light) 24* 4* 3=288

Product distillation curves are computed from the following equations:

The straight line through the middle section:
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I'BE,; =a;i0+ a; i1 * 0 4+ a; ;9 % Wani + A; 53 % i
2 2Ty v 8 C€lq, 2Ty D% ] 5 52
i,J i,7,0 i,7,1 feedap i,j,2 ¥ CCWPqp i 7,3 CUttap p (36)

i = 0(hnph) j = 50,70

TBP,j = Gijo~+ Gij1 * Pfecda, T Qig2 * CCWPap,i + Qi3 % Cultap,i
+ Qi jg * cutty; (37)

i =1,2,3(kero,dsl,ago) j = 30,50,70

TBP,; = aijo+ Gij1* Preeds, T @ij2 % CCWPapi—1 + G453 * Cutlyp;i1
+ @5 5.4 * TBPfeedup,'YO 1= 4(f(i€dvp) j = 30, 50/ 70 (38)

where k are points on the distillation curve

The deviations from the straight line are defined as:

TBPY =TBP,, — TBPi,j (39)
i=1,2,3,4(kero,dsl, ago, feed,,) j = 01,05,10

TBPY, =TBPi,j— TBP,, (40)
i =0,1,2,3(hnph, kero,dsl,ago) j = 90,95,99

The deviations for the front and the back sections are given by:

TBP{; = 0 + Qij1 % Yapo + Qij2 * Yap1 + Qi3 % SSap,1/Yap,1
+a; 4 x ATGap; 41 + a; j5 * Re flux Ratio (41)

i =0(hnph) j=290,95,99 or i=1(kero) j=01,05,10

d
TBFf; = Gijo + Qi1 % Yapi + Q2 * Yapi+1 T 0ij,3 * SSapit1/Yap,i+1
+ a; j4 % ATGap; i1 + Qi 45 * CCWPyp,; + Qi j 6 * @ (42
47



i =1,2,3(kero,dsl, AGO) j =90,95,99

d __
TBPY; = aijo+ Qi1 * Yapi-1 + @i 2 * Yapi + Qi j.3 * SSap,i/ Yap,i
+a;jax ATGap;_1; + a;j5 % CCWPapi—1 + G4 j6 * @ (43)

i = 2,3,4(dsl, AGO, feed,,) j=01,05,10

TBPi‘fj = Q0+ Qi j1 % CCWPup 3 + A jo * CUullyy s + ;53 % @ (44)
i = 4(feed,,) 7 =90,95,99

4.6 Vacuum tower

Vacuum pipestill is much simpler that the atmospheric tower. Hence it has a much
smaler number of input and output variables, as shown in Tab. 24. There are two
possible sets of specifications as presented in Tab. 25. Data for model development
have been developed by 276 simulations (light crude, heavy crude, various operating
conditions in the atmospheric tower, and the vacuum tower). Tab. 26 summarizes the
range of operating conditions used for data generation. The model was tested with 147
additional sets of data for medium mix of crudes in the feed and various operating
conditions. Shown in Tab.27 are the test results for the models. Similarly to the
atmospheric and preflash tower models, the vacuum tower model predicts TBP points

within 1% of the rigorous simulation.
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Table 23. Test results for the atmospheric pipestill model

Product TBP | R2Y | Q2(cum) | AVERAGE | RMSEE | RMSEP
LV (%) F F F
AP-HNaphtha | 50 0.955 | 0.955 | 283.3 2.1 05
70 0982|0982 |[3124 1.7 0.8
90 0.894 | 0.865 | 344.4 0.8 0.9
95 0900|0828 | 3595 1.0 13
99 0968|0947 | 3807 0.8 1.0
AP-Kero 1 0722|0708 | 3125 23 2.2
5 0.900 | 0.856 | 346.8 1.4 13
10 0785|0774 | 3644 12 11
30 0985|0985 | 409.9 0.7 05
50 0990|0990 | 4395 0.6 0.3
70 0.995 | 0.995 | 468.4 0.7 0.4
90 0750|0732 | 4982 0.6 0.6
95 0720|0697 |51456 0.9 0.8
99 0600|0579 |[536.3 2.8 2.4
AP-Diesdl 1 0955|0952 | 4034 1.4 13
5 0.948 | 0.946 | 457.6 1.1 11
10 0.913 | 0.909 | 482.0 0.9 0.9
30 0997|0958 | 5320 05 05
50 0991|0970 |[559.9 0.6 0.6
70 0918|0892 | 588.6 1.0 1.0
90 0799|0744 | 6243 11 11
95 0754|0690 | 64256 12 11
99 0742|0687 |667.4 1.2 13
AP-AGO 1 0972|0969 | 4547 1.3 1.1
5 0.944 | 0939 | 5434 1.4 1.0
10 0910 | 0.901 | 5855 11 0.9
30 0964|0963 |647.4 2.1 2.0
50 0.956 | 0.955 | 6835 2.4 2.2
70 0918|0936 | 721.9 3.0 28
90 0882|0870 | 773.8 1.7 16
95 0.881]0869 |794.7 23 23
99 0.700 | 0.681 | 839.9 48 5.2
VP-feed 1 0977|0976 | 606.6 19 2.0
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5 0.992 | 0.992 685.0 0.8 1.7
10 0.985 | 0.984 733.2 0.8 2.0
30 0.995 | 0.994 848.2 14 1.7
50 1.000 | 1.000 982.8 0.5 74
70 0.999 | 0.999 1148.0 0.4 6.5
90 0.959 | 0.959 1413.5 19 05
95 0.940 | 0.940 1510.7 15 1.2
99 0.999 | 0.999 1593.7 0.3 2.5

Table 24. Input and output analysis for vacuum tower

Inputs Outputs

VP Feed flow (dry) VP Residue flowrate

VP Feed TBP curve VPLVGO flowrate

VP COT VP LVGO TBP Curve(1,5,10,30,50,70,90,95,99)

VP Steam flowrate

VP HVGO TBP Curve(1,5,10,30,50,70,90,95,99)

VP Overflash (fixed 0.6%)(vol) | VP Residue TBP Curve (1,5,10,30,50,70,90,95,99)

VP HVGO flowrate or VP QPA2 | VP QPA2 or VP HVGO flowrate

Table 25. Alternative specification for vacuum pipestill model

(C: calculated, S: Specified)

Variables

Spec Option 1 | Spec Option 2

VP Overflash(fixed)

VP COT

VP Steam flowrate

VP LVGO flowrate

VP Residue flowrate

VP QPA 1duty

VP HVGO flowrate

VP QPA2 duty

O0noOnoOnnn

o0 noOnnn
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Table 26. Perturbation of operating variables and feed compositions

for vacuum tower data generation

Variables Perturbation # of experiments
VP furnace COT (Deg F) +20F 3

VP Steam flowrate (Ib/h) +40% 3

VP HVGO flowrate (bbl/day) +40% 3

AP Steam flowrate (Ib/h) & AP COT(Deg F) +40% & +20F |4

Dateset for modeling(heavy, medium and light crude) 27*4*3=324
Dataset for test (test crude) 27*4*1=108
Total for heavy, medium, light and test crude mixes 27*4*4=432

TBP curves for the products from the vacuum pipestill are described by Egs. (38) to (40),

which have been obtained by PLS.

TBP,; = aijo+ ij1 * Yop,o T @i j2 ¥ TBPfecd,,01

+ ajj3 % TBPfeeq,, 05 + @ija* TBPfeeq,, 10 + @i j5 % T BPfecd,, 30 (45)

i = 0(lvgo) j =1,5,10,30,50,70,90,95,99

TBP,j = aijo+ Gij1 * Yopo + Gij2 * Yup,1

+ a; 53 % T'BPreeq,, 30 + @ija* T BPreeq,, 50 (46)
i = 1(hvgo) j = 01,05,10,30,50,70,90,95,99

TBP; = aijo + ij1 % cCWPup,

+a;j2x*TBP Feedyp,50 T Qi 53 * TBP feedyp,70

+ a; 4% TBPreeq,, 00 + ijs * T BPrecq,, 05 + i js * T BPpeca,, 99 (47)

i =2(resid) j =01,05,10,30,50,70,90,95,99

Table 27. Test results for vacuum tower mode

Product | TBP R2Y | Q2(cum) | AVERAGE RMSEE | RMSEP
LV (%) F F F
LVGO |1 0986 |0.986 |547.1 5.6 5.2
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5 0.995 | 0.995 609.3 2.8 25
10 0.995 | 0.995 644.4 2.3 20
30 0.986 | 0.986 718.3 3.0 2.3
50 0984 | 0.984 765.6 2.7 1.8
70 0.987 | 0.987 807.0 2.6 1.8
90 0975 |0.975 869.9 4.6 2.6
95 0.969 | 0.969 903.8 5.5 3.0
99 0.968 | 0.968 963.4 6.3 3.8
HVGO 1 0.986 | 0.986 547.1 5.6 5.2
5 0.995 | 0.995 609.3 2.8 25
10 0.995 | 0.995 644.4 2.3 20
30 0.986 | 0.986 718.3 3.0 2.3
50 0984 | 0.984 765.6 2.7 1.8
70 0.987 | 0.987 807.0 2.6 1.8
90 0975 | 0.975 869.9 4.6 2.6
95 0.969 | 0.969 903.8 5.5 3.0
99 0.968 | 0.968 963.4 6.3 3.8
Residue 1 0976 | 0.976 1011.8 3.8 3.5
5 0977 |0.976 1096.2 3.6 3.4
10 0978 |0.978 1140.9 35 34
30 0979 |0.979 1246.7 3.2 3.2
50 0.983 | 0.983 1341.4 24 25
70 0979 |0.978 1436.3 19 1.8
90 0.905 |0.904 1546.1 4.4 24
95 0.997 | 0.997 1602.4 0.9 0.9
99 0913 |0.913 1650.1 5.4 2.7

4.9 Case studies

Test results presented in this part were for individual distillation towers, e.g. atmospheric
pipestill was tested by using the crude feed computed by AspenPlus. In this part we

present results of testing the hybrid model of the entire CDU unit, i.e. atmospheric tower
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feed is computed by the hybrid model of the preflash tower, and the bottoms product of

the hybrid model of the atmospheric tower is the feed to the vacuum tower.

There are totally 4 testsin this section. The detail of each test is as following:

Test #1: The purpose of this test is to evaluate the TBP properties prediction for
different crudes (Heavy, medium and light crude, see Tab. 28). The operating
conditions for each crude are getting from AspenPlus under same specifications.
(see Tab. 29). Then enter these operating conditions into this hybrid CDU unit to

generate results for comparison. The compared results are shown in Tab. 30.

Table 28. Mix ratio for three different crudes

Mix ratio(Oil1:Qil2)(vol)
(API of Oil1:31.4, API of Oil 2:34.8)

Heavy crude 0.8.0.2
Medium crude 0.5.0.5
Light crude 0.2.0.8

Table 29. Specifications for the crude distillation unit

Specification unit Specification
PF-naphtha TBP95 F 380
AP-hnaphtha TBP95 F 360
AP-Kero TBP95 F 520
AP-Diese TBP95 F 640

HVGO bbl/day 17000
VP-COT F 860
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Table 30. Hybrid model s results compared with Aspen plus results for three different crudes

three crude light crude(0.8) medium crude(0.5) heavy crude(0.2)
mix unit | Aspen | Hybrid | Err | Aspen | Hybrid | Err | Aspen | Hybrid | Err
Plus model (%) Plus model (%) Plus model | (%)
P | PF-COT F 4748 | 4749 | 004 | 467.1| 4679 | 016| 4609 | 4614 | 0.11
F | Naphtha F
TBP95 380 | 3775 -0.67 380 377 | -08 380 | 376.8| -0.84
AP-Feed F
TBPO5 3328 | 3321 -021| 3193| 3196| 008 | 307.2| 3088 0.5
AP-Feed F
TBP95 1434.7 | 14371 | 0.17 | 14125 14124 | -0.01 | 1381.1 | 1380.3 | -0.06
A | AP-COT F 680 | 676.9 | -0.46 680 | 673.8| -0.92 680 | 678.8| -0.18
P | AP-HNap F
htha
TBP95 360 | 359.9| -0.04 360 | 359.8| -0.07 360 | 361.7| 0.46
AP-Kero F
TBP95 520 | 519.1| -0.17 520 | 5194 | -0.11 520 | 519.3| -0.14
AP-Diesd F
TBP95 640 | 637.8| -0.34 640 | 637.3| -0.42 640 | 638.7| -0.2
AP-Kero F
TBPO5 349.1 346 | -0.89 | 350.8 348 | -0.78| 3521 | 350.8| -0.38
AP-Diesd F
TBPO5 463.7 | 460.7 | -0.63| 4623 | 4589 | -0.73| 4613 459 | -05
AP-AGO F
TBPO5 541.6| 5385| -056| 539.7| 5359 | -0.71| 5382 | 5376 -0.13
V | LVGO 95 F 9227 920.7| -021| 8862| 8952 | 102| 8746| 8623| -1.41
P | HVGO 95 F 1188.3 | 1189.8 | 0.13| 11858 | 11884 | 0.22 | 1181.7 | 1176.3 | -0.46
HVGO 05 F 809.6 | 809.1| -0.07| 7927| 789.1| -046| 7689 | 762.7| -0.81

Test #2a: The purpose of this test is to evaluate the TBP properties prediction for

different product strategies for the light crude. Different specifications based on

different production strategies were set up in AspenPlus (see Tab.31). After that




the flows computed by rigorous tray to tray model in AspenPlus were used in the

hybrid model and the product TBP curves were computed from the hybrid model.

The comparison of the results is shown in Tab. 32. Most of the product TBP are

less that 1% away from the rigorous model prediction.

for Heavy Naphtha, which has an error of 1.3%.

An exception if 95% point

Table 31. Product TBP specifications for test #2, atmospheric tower

Unit | Max HNaphtha | Max Kerosene | Max Diesdl
AP-HNaphtha TBP95 | F 380 340 360
AP-Kerosene TBP9S | F 520 540 500
AP-Diesd F 640 640 660

Table 32. Hybrid models results compared with AspenPlus results

for three different production strategies by specified products flowrate

Max HNaphtha max Kerosene max Diesel
three product - - .
sratedies Aspen | Hybrid Err | Aspen | Hybrid Err | Aspen Hybrid Err
= Plus model (%) Plus model (%) Plus model (%)
AP-HNaphtha
380.0 3849 | 1.28| 340.0 3444 | 130 360.0 3629 | 0.79
TBP95
AP-Kero
520.0 519.2 | -0.15| 540.0 539.8 | -0.05 500.0 498.7 | -0.27
TBP95
AP-Diesel
640.0 639.2 | -0.12 | 640.0 638.2 | -0.29 660.0 658.7 | -0.20
TBP95
AP-Kero
363.4 3645| 030| 3394 339.9 | 0.15 348.8 349.7 | 0.26
TBP05
AP-Diesel
460.6 450.1 | -0.33| 4757 4734 | -0.48 450.2 449.0 | -0.27
TBP05
AP-AGO
— 538.4 538.0 | -0.08 | 535.1 533.6 | -0.26 554.7 551.7 | -0.53
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Test #2b: The purpose of this test is to evaluate how accurately the hybrid model
predicts the product flows. Product specifications from Tab.31 were used in both
hybrid model and rigorous tray to tray model in Aspen Plus. Then the flows from the
hybrid model were compared to the flows from AspenPlus model as presented in Tab.
33. Fow of heavy naphtha is up to 3% different from AspenPlus. Flow of
keroseneis has 2.4% error for the max diesel operation. All other flows have errors
less than 1%

Test #3: The purpose of this test is to examine AP tower hybrid model performance
in an optimization application. The objective function is described by EQq.48.
Constraints are presented in Tab.34. We used specification set 4 described in
section 4. The optimization problem was solved by using GRG nonlinear solver in
excel and AspenPlus model was solve in equation oriented mode by DMO. In
order to verify hybrid model for TBP prediction, the hybrid model product flows
were entered into AspenPlus. The results are shown in Tab.35. It can be seen that
the optimum computed by the hybrid model leads to the operating point which is
within the specified constrains The main difference between the two models is that
the hybrid model recognizes that maximization of pumparound heat duties is

advantageous and increases them to the maximum allowed. AspenPlus model
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stopped at a significantly lower pumparound duty which results in the objective
function being approx. $ 3.8k per day lower.

Z = maz(24 * Yapo + 2342 % Yup1 + 23.1 % Yap2 + 22.5 % Yop3 — 0.84 % s54,
— 0.60 * 85451 — 0.60 % 5542 — 0.60 * 85453 — 53.95 * Qdutyap, fur) (48)

Yap,i Mmeans yield of product i in atmospheric tower ;

584, means bottom steam for atmospheric tower;

$Sqpi TEANS stripper steam for prodcut i in atmospheric tower;
Qdutyep fur means furnace duty in atmospheric tower

i =0,1,2,3(naphtha, kerosene, diesel, AGO)

Table 33. Hybrid models flowrate results compared with Aspen plus results

for three different product strategies by specified product TBP constraints

max HNaphtha max kerosene max diesel
three product
strategies - - -
Aspen | Hybrid Err | Aspen | Hybrid Err Aspen | Hybrid Err
Plus model (%) Plus model (%) Plus model (%)
AP-HNaphtha
6852 6646 | -3.00 | 4732 45900 | -3.00 | 5727 5584 | -251
flowrate(bbl/day)
AP-kero
15577 | 15903 | 2.09 | 20395 | 20568 | 0.85 | 13881 | 14214 | 2.40
flowrate(bbl/day)
AP-Diesel
10838 | 10790 | -0.44 | 7469 7640 230 | 16284 | 16213 | -0.44
flowrate(bbl/day)
AP-AGO
12465 | 12541 | 0.61 | 13135 | 13081 | -0.41 | 9839 9870 0.31
flowrate(bbl/day)
AP-Sum
45733 | 45880 | 0.32 | 45732 | 45880 | 0.33 | 45731 | 45880 | 0.33
flowrate(bbl/day)
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Table 34. Constraints for profit optimization problems for AP tower

Constraints Unit min max
mix ratio oil1:0il2 0.2.0.8 0.8:.0.2
AP-HNapthpa flowrate bbl/day 6000 20000
AP-Kero flowrate bbl/day 3500 7000
AP-Diesd flowrate bbl/day 6000 20000
AP-AGO flowrate bbl/day 6000 20000
AP-QPA1 duty mmbtu/h -56 -24
AP-QPA2 duty mmbtu/h -21 -9
AP-SS1(Kero) flowrate Ib/h 1980 4620
AP-SS2(Diesdl) flowrate Ib/h 660 1540
AP-SS3(AGO) flowrate Ib/h 480 1120
AP-Steam(Bottom) flowrate Ib/h 7200 16800
AP-reflux ratio NA 0.75 0.88
AP-COT F 670 690
AP-HNaphtha TBP95 F n/a 380
AP-Kero TBP95 F n/a 540
AP-Diesel TBP95 F n/a 660
AP-Kero TBP0O5 F 320 n/a
AP-Diesdl TBPO5 F 450 n‘a
AP-AGO TBPO5 F 530 n‘a

Test #4: The purpose of this test is to generate optimization results using different
initial values for AspenPlus optimization. In this test, different initial values were
used asinitial pointsin AspenPlus using DMO (SQP algorithm). These initial values
were from different production strategies and hybrid model optimization results
shown in Tab. 36. Different initial values generated different optimization results
shown in Tab. 37. From the table, we also can see that the optimal result is best when

the optimal results from hybrid model were set up as initiad values. However, the
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result is dightly different with hybrid model, that’s because some of the quality
constraints were slightly violated if importing hybrid model results in AspenPlus and
AspenPlus generated results obeyed to all congtraints. For example, heavy naphtha
TBP95, the hybrid model calculation is 380 F but the value from the rigorous model
is 383 F (having exactly the same values of operating variables in hybrid model and
in AspenPlus). The optimization process changes the operating conditions to satisfy
constraint which is no more than 380 F by reducing the flow rate of heavy naphtha.
So the profit was dightly smaler than hybrid mode  result
($654=1,096,022-1,095,368). Different initial points were also given to hybrid model.

Hybrid model always generated the same results using GRG in Excel 2010 shown in

Tab. 37.

Table 35. Comparison of hybrid model and AspenPlus optimization results

Variables Unit Aspen Aspen Hybrid Hybrid Model Opt. | Constr.

Plus Plus Model evaluated Error (%)

Base Optimum | Optimum by AspenPlus

Case
mix ratio oill:0il2 | 0.2:0.8 0.2:0.8 0.2:.0.8 0.2:.0.8 n/a
AP-HNapthpa bbl/day 5705 5881 6710 6710 n/a
AP-Kero bbl/day 16874 16247 18187 18187 n/a
AP-Diesel bbl/day 10654 13139 10328 10328 n/a
AP-AGO bbl/day 12500 12987 13023 13023 n/a
AP-QPA1 mmbtu'h | -40 -41 -56 -56 n/a
AP-QPA2 mmbtu/h | -15 -15 -21 -21 n/a
AP-SS1(Kero) Ib/h 3300 3239 1980 1980 n/a
AP-SS2(Diesel) Ib/h 1100 992 660 660 n/a
AP-SS3(AGO) Ib/h 800 797 480 480 n/a
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AP-Steam(Bottom) Ib/h 12000 16800 16338 16338 n/a
AP-reflux ratio NA 0.85 0.86 0.79 0.78 n/a
AP-COT F 680 690 690 691 -0.09
AP-Furnace duty mmbtu/h | 198 206 207 207 -0.13
AP-HNaphthaTBP95 | F 360 364 380 383 -0.77
AP-kero TBP95 F 520 517 540 542 -0.33
AP-Diesel TBP95 F 640 656 660 664 -0.61
AP-Kero TBP05 F 352 354 363 362 0.14
AP-Diesel TBPO5 F 461 463 476 472 0.81
AP-AGO TBP05 F 538 557 548 548 0.03
Profit 10°$/day 1,092.19 | 1,096.04 1,096.02
Difference from | 10°%/day 3.85 3.83
AspenPlus optimum
Table 36. Different productsinitial flowrate for production optimization
unit Basic Max Max Max Hybrid model
HNaphtha | Kerosene | Diesel
Naphtha | bbl/day 5705 6851.6 4732.4 5727.1 6710
Kerosene | bbl/day 16874.2 15577.4 20395.4 13880.8 18187
Diesdl bbl/day | 10654 10838.3 7468.9 16283.9 10328
Ago bbl/day 12500 12465.2 13134.9 9839.1 13023
Table 37. Production optimization results using different initial points
Variables units Basic max Nph | max Kero | Max Dd | Hybrid A+ opt | Hybrid Hybrid
initial initial asinitial initial opt initial | results model opt | result
(Aspen (Aspen (Aspen (Aspen (Aspen (test3#) | results (aspen
Plus) Plus) Plus) Plus) Plus) (test 34) Plus)
Naphtha bbl/day | 5977 6863 6060 6584 6584 5881 6710 6710
Kerosene | bbliday | 17874 16772 14140 17951 17951 16247 18187 18187
Diesel bbl/day | 11175 11515 15744 10382 10382 13139 10328 10328
AGO bbl/day | 13231 13103 12309 13336 13340 12087 13023 13023
R/(R+D) 0.86 0.83 0.84 0.79 0.79 0.86 0.79 0.78
QPA1 mmbtuh | -41.43 -41.29 -42.87 -55.99 -55.97 -41.46 -56.00 -56.00
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QPA2 mmbtw/h | -15.09 -15.09 -15.17 -21.00 -21.00 -15.09 -21.00 -21.00
SS1(Kero) Ib/h 3240 3247 3185 1980 1980 3239 1980 1980
SS2(Diesdl) | Ib/h 1092 1093 1085 660 660 992 660 660
SS3(AGO) 797 797 797 480 480 797 480 480
SA Ib/h 16800 16800 16800 16800 16800 16800 16337 16337
(Bottom)

CcoT F 690.0 690.0 690.0 690.0 690.0 690.0 690.0 690.6
AP-furnace | mmbtu/h | 206 206 206 206 206 206 207 207
duty

Naphtha F 365 380 366 380 380 364 380 383
TBP95

Kerosene F 531 530 505 540 540 517 540 542
TBP95

Diesel F 657 658 660 660 660 656 660 664
TBP95

Kerosene F 357 366 354 360 360 354 363 362
TBPO5

Diesel F 474 473 455 470 470 463 476 472
TBPO5

AGO F 556 556 561 546 546 557 548 548
TBPO5

profit 10°/day | 1092.7 1093.1 1092.1 1092.1 1095.4 1092.2 1096.1 1096.0
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5. Product properties prediction based on TBP curve
5.1 Introduction

From the properties curve, we can find that the curveis ‘S’ sharp which is similar to the
TBP curve of products. That’s because distillation is a physical process, which is only
change the distribution of pseudo-components in products. The properties for each
pseudo-component do not change through CDUs. The product TBP provide the
information of distribution of each pseudo-component in each product. Once we get the
TBP curve for a products, we can use this TBP information to predict the other properties
(such as specific gravity or sulfur) using linear interpolation, so linear interpolation
strategy based on products TBP curve can be used to predict products properties. For
product properties, there are three types of properties, volumetric based like specific
gravity, mass based like sulfur content, and index based like pour point index. In this
thesis, volumetric based and mass based (specific gravity and sulfur content) will be

discussed.

The swing cut method is widely used in refinery planning. Swing cut means some boiling
point range for a feed can be merged into light product or adjacent heavy product. Fig.15
shows the definition of the swing cuts for atmospheric tower. From the figure, we can
find that swing cut of naphtha and kerosene is located between naphtha and kerosene.

When making production plan, the swing cut can be merged into naphtha or kerosene
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which depends the objective function. For example, the swing cut between naphtha and
kerosene is considered as naphtha if the price of naphthais higher than kerosene. In this
way, more profit will be earned. When talking about swing cuts, two important things
needed to be considered. One is the size of swing cut; the other is property of swing cut.
Three different swing cut methods are used for comparison with TBP based property
prediction method. They are fix swing cut method, WTR/VTR swing cut method, and
Light and Heavy swing cut method. Here a brief explanation of these three swing cut

methods is given.

a) Fixed swing cut method. This method is widely used in planning models. The
swing cut size and properties are fixed for this method. According to Zhang(2001),
the typical size of the swing cut is 5%, 7% and 9% respectively for swing cut
between naphtha and kerosene, kerosene and diesdl, and diesel and AGO. The
properties of a swing cut can be estimated using the middle point of this swing cut
in the piecewise linear interpolation of the properties curve of atmospheric tower

feed (shown as asterisk pointsin Fig. 15).
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Figure 15. Fix swing cut method

b) Volume transfer ratio/weight transfer ratio (VTR/WTR) method. This method is
used for calculated the swing cut size, and the properties of product using
empirical correlation of properties curve of atmospheric tower feed. As long as
known discrete production strategies (max naphtha, max kerosene, max diesel)
are used in CDU operation, we can cal culate the swing cut for each product. Take
heavy naphtha as an example, the range of naphtha is 8.7% (for max naphtha
mode of operation) to 5.9% (for max kerosene mode of operation), then the range
of swing cut between naphtha and kerosene is from (5.9% to 8.7%). So the swing
cut size is 2.8% (8.7%-5.9%). The hydrocarbons in this range can be become a
part of either naphtha or kerosene. Then after getting the yield of each product,

the property of each product can be estimated using middle point of each product.
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Take heavy naphtha as an example, the middle point of 4% is used for properties

caculation if theyield of heavy naphthais 8% shown as asterisk point in Fig.16.
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Figure 16. VTR/WTR method

Light and heavy swing cut method. The swing cut size is used as in the fixed
swing cut method, and the properties calculation of the swing cut is divided into
two parts, called light and heavy part. For each of these two parts, the properties
can be estimated using middle point of that part piecewise linear interpolation of
the properties curve of atmospheric tower feed. In Fig.17, the swing cut between
heavy naphtha and kerosene is 5% (from 6% to 11%). The yield of heavy naphtha
is 9%, which includes 6% (fixed part) plus 3% (from swing cut). Then the swing

cut was divided into two part, the front 3% and the back 2%. In order to calculate
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the properties of heavy naphtha, 3% (middle of 6% fix naphthayield) and 7.5% [6%
(fix part) plus middie point of 3% within swing cut] were used.
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Figure 17. Improved swing cut method
5.2 Methodology

There are four steps for production properties:

a) Caculate the product volumetric based properties curve (specific gravity and
sulfur) by linear interpolation each TBP point of this product on mix crude
specific gravity curve as Eq. 49. Piecewise linear interpolation is used to calculate
specific gravity for each product. Because only discrete point on the properties

curve of mix crude(TBP01,05,10,30,50,70,90,95,99), so we simply assume the
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section between each discrete point is linear and use one straight line to represent

it.

SG; ; = Piecewise linear interpolation(T BP, j, SGmizerude) (49)

i = product, j = 1%, 5%, 10%, 30%, 50%, 70%, 90%, 95%, 99%
SG;,; means speci fic gravity for product i at TBP j point
T'BP, ; means product i at TBP j point

SGizerude Mmeans speci fic gravity curve for mixcrude

b) Calculate the product mass based properties curve (sulfur) by linear interpolation
each TBP point of this product on mix crude sulfur gravity curve as EQ.50.
Piecewise linear interpolation is used to calculate properties. Because only
discrete point on the properties curve of mix crude (TBP 01, 05, 10, 30, 50, 70, 90,
95, 99), so we simply assume the section between each discrete point is linear and

use one straight line to represent it.

Sul fur; j = Piecewise linear interpolate(T BP; j, Sul furmizerude) (50)

i = products(naphtha, kerosene, diesel, AGO)

J = 1%, 5%, 10%, 30%, 50%, 70%, 90%, 95%, 99%on T'BP curve
SG; ; means sul fur content for product © at TBP j point
TBP,; means product © at TBP j point

SG izerude means sul fur content curve for mixcrude

c) Cadculate the bulk volumetric property of the product by accumulation that
properties curve by volume as Eq. 51. For property prediction, only fractions from

TBP 1% to 99% are used, so denominator is 98(98 = 99 — 1).
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2A(8Gs j41+8G; j)*+(LVjp1 —LVj)) /2
SG; = -2 o3 (51)

i = products(naphtha, kerosene, diesel, AGO)
i =1%,5%, 10%, 30%, 50%, 70%, 90%, 95%, 99%
SG, ; mean speci fic gravity for prodcut i on TBP j point

d) Cadculate the bulk mass property of the product by accumulation that properties
curve by weight as Eqg. 52. For property prediction, only fractions from TBP 1%

to 99% are used, so denominator is 98 (98 = 99 — 1).

Sul fur; = 3 (SGi,_7‘+1+SG1:,j)*(LVj+1—Ls\gi)gg(sulfumﬂ.j—(sulfum,j)/Q (52)

2

i = products(naphtha, kerosene, diesel, AGO)
Jj=1%,5%, 10%, 30%, 50%, 70%, 90%, 95%, 99%
Sul fur; ; mean speci fic gravity for prodcut i on TBP j point
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5.3 Case study

Crude unit model describe in AspenPlus (2006) manual on petroleum process modelling
is used in these case studies. TBP based property prediction method which uses the
hybrid model results is compared with fixed swing cut method, weight transfer ratio

method, light /heavy swing cut, and with the rigours results generated by AspenPlus.

Three sets of test have been carried out for four different modes of operation (standard
operation, maximum naphtha, maximum kerosene, and maximum diesel). The results
are presented in English system of units, since they are prevalent in refinery operationsin

North America

Test #1: verification of hybrid model prediction accuracy for TBP curves.

TBP 5% point and TBP 95% points of each products were specified in AspenPlustray to
tray model to obtain the volumetric flowrate of each product. Details of the specifications
are shown in Tab.38, which is different with only the TBP 99% specification for each
products in AspenPlus by Li et a. (2005). The initia boiling points (IBPs), fina boiling
points (FBPs), and the flowrates were calculated by AspenPlus (Tab.39 and Tab.40
respectively). These product flowrates, stripping steam flows, pumparound duties and
reflux/(reflux + distillate)] were inputs to the hybrid mode  which computed its own

predictions of the product TBP curves. Tab.41 compares the results from the hybrid
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model with the rigorous AspenPlus model. TBP points computed by the hybrid model
are less than 0.5% different from the results of AspenPlus rigorous CDU model. The

only exception isthe LV% point for naphtha

Table 38. Specifications for four different modes of operation

Unit | HNaphtha | Kerosene | Diesd AGO
Standard TBPO05 F n‘a 350 460 540
TBP95 F 360 520 640 n/a
Max HNaphtha TBPO05 F n‘a 360 460 540
TBP95 F 380 520 640 n/a
Max Kerosene TBPO5 F n‘a 330 470 540
TBP95 F 340 540 640 n/a
Max Diesel TBPO5 F n‘a 350 460 560
TBP95 F 360 520 660 n‘a
Table 39. IBPs and FBPs for each product
unit HNaphtha | Kerosene | Diesel AGO
Standard TBPO1 F 43.1 309.6 406.0 448.3
TBP99 F 380.3 550.0 664.6 n/a
Max HNaphtha TBPO1 F 60.6 320.7 406.3 448.3
TBP99 F 400.9 550.0 664.6 n/a
Max Kerosene TBPO1 F 284 280.6 411.5 449.6
TBP99 F 361.1 564.4 662.9 n‘a
Max Diesel TBPO1 F 43.2 309.7 403.0 467.2
TBP99 F 43.1 309.6 406.0 448.3
Table 40. Products flowrate for four production modes
unit HNaphtha | Kerosene Diesd AGO
Standard bbl/day 5618 16934 10707 12458
Max HNaphtha bbl/day 6704 15729 10849 12436
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Max Kerosene bbl/day 4318 20784 7605 13010

Max Diesel bbl/day 5620 16813 13109 10175

Max bbl/day 6704 20784 13109 13010

Mix bbl/day 4318 15729 7605 10175
Standard LV% 71 21.3 135 15.7
Max HNaphtha LV% 8.4 19.8 13.6 15.6
Max Kerosene LV% 54 26.1 9.6 16.3
Max Diesel LV% 7.1 21.1 16.5 12.8
Max LV% 8.4 26.1 16.5 16.3
Mix LV% 54 19.8 9.6 12.8

Table 41. TBP prediction results by hybrid model compared with Aspen plus

unit | HNaphtha | Kerosene | Diesel AGO Residue

Aspen | TBPO1 F 43.1 309.6 406.0 448.3 620.4

Plus TBPO5 F 122.8 350.0 460.0 540.0 692.8
TBP95 F 360.0 520.0 640.0 798.8 1509.3
TBP99 F 380.3 550.0 664.6 850.8 1587.1
Hybrid | TBPO1 F 44.8 311.0 403.3 445.9 617.1
Model | TBPO5 F 123.5 349.3 457.9 538.7 690.3
TBP95 F 361.1 519.3 639.2 800.5 1513.7
TBP99 F 382.5 549.0 663.7 850.9 1605.9
Error | TBPO1 % -3.71 -0.44 0.67 0.54 0.55
TBPO5 % -0.49 0.19 0.47 0.24 0.37
TBP95 % -0.31 0.14 0.12 -0.21 -0.29
TBP99 % -0.58 0.19 0.13 -0.02 -1.17

Test #2: Evaluation of error introduced by equidistance assumption

Previoudy published ssimplified CDU models rely on the assumption that the crude TBP
isin the middle of the distance between FBP and IBP of the TBP curves of the adjacent

products. Four different modes of operation (standard, max naphtha, max kerosene, and
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max diesel) are used to test this assumption. Results from the rigorous model (Tab.42)
were used to calculate the midpoint of adjacent products. For instance, under standard
operation kerosene 99% TBP point is 550.0, while diesel 1% TBP is406.0. Themiddle
point between them is 478.0 as shown in Tab. 42. Equidistance assumption means that
the cutpoint between kerosene and diesel corresponds to the 478 F point on the crude
TBP curve, which is 24.6 LV% as shown in Tab. 43. Rigorous CDU simulation shows
that the cutpoint between kerosene and diesel is actually at 28.3 LV%, i.e. the error is 3.7%
of the crude volume which correspond to 17% error in the kerosene yield. Complete
comparison for al four modes of operation is presented in Tab.43. It can be seen that

errorsin product yields are significant for kerosene, diesel, and AGO shown in Fig. 18.

Table 42. Middle point of adjacent products TBP curve

unit Cut point Cut point Cut point

(hnph-kero) (kero-ddl) (dd-AGO)

Standard | middle point F 344.9 478.0 556.4
overlap F 70.6 144.0 216.2

Max HNaphtha | middle point F 360.8 478.2 556.5
overlap| F 80.2 143.7 216.4

Max Kerosene | middle point F 320.8 488.0 556.2
overlap| F 80.5 152.9 213.3

Max Diesdl | middlepoint | F 345.0 476.6 576.1
overlap| F 70.5 147.3 217.9
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Table 43. Cumulative product cutpoints based on equidistance assumption vs. actual

unit | hnph-kero | kero-dd | dd-AGO
Standard Equidistant midpoint | LV% 7.6 24.6 35.3
Actual (AspenPlus) | LV% 7.1 28.3 41.8
Difference % 0.6 -3.7 -6.5
Max HNaphtha Equidistant midpoint | LV% 8.7 24.7 35.3
Actua (AspenPlus) | LV% 8.4 28.2 41.8
Difference % 0.3 -3.5 -6.5
Max Kerosene Equidistant midpoint | LV% 5.9 26.1 35.3
Actua (AspenPlus) | LV% 54 315 41.1
Difference % 05 -54 -5.8
Max Diesd Equidistant midpoint | LV% 7.6 244 37.8
Actual (AspenPlus) | LV% 7.1 28.2 447
Difference % 0.6 -3.7 -6.9
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Figure 18. Yield result compared equidistance with AspenPlus
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Test #3: Evaluation of methods to compute product bulk properties

There are four test cases in thistest as shown in Tab.44. The typica size of the swing cut
as introduced by Zhang (2001) is used in this thesis. Swing cut between naphtha and
kerosene is 5%, between kerosene and diesel is 7%, and between diesel and AGO is 9%.
In this case study, volumetric transfer ratio (VTR) is used because the volumetric
flowrates are used. In case 1(“fixed cut”), the size and the properties of swing cut are
fixed. In case 2 (“VTR”), the size of swing cut is caculated by VTR. The properties are
determined by high order polynomial correlations. In case 3 (“L/H cut”), VTR is used
due to volumetric flowrate. In case 3, the size of the swing cut is fixed, but the properties
of this swing cut are separated into light and heavy part. The properties of light and heavy
part are calculated as a linear relationship between the properties at their adjacent

hypothetical interfaces.

For “fixed cut” and “L/H cut” methods properties are computed by blending the swing
cut properties with the bulk of the corresponding product. In case 4 (this work, “TBP”),
the size of the swing cut does not need to be specified; properties are calculated as

described above.

Tab. 45 shows yield, specific gravity, and % sulphur for the middle section and the cuts

corresponding to each product. These data were used to compute product properties
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shown in Tab.46 and Tab.47 (specific gravity and % sulphur, respectively). Also shown
in these tables are the results from the rigorous modd in AspenPlus and from the TBP
method described in this thesis. For data used in this work, for monotonicaly
increasing property (e.g. specific gravity), error relative to AspenPlus is approximately
the same for al for cases (four methods of computing cuts and product properties), see
Tab. 46. Properties which do not increase monotonically with (LV%, TBP) points (e.g.
sulphur) are predicted much more accurately by using TBP method combined with the
accurate TBP predictions from the hybrid model, asillustrated by Tab. 47. Distribution

specific gravity is shown in Fig.19, while sulphur distribution is shown in Fig. 20.

Table 44. The methodology used in four cases

Case Swing cut size Properties Source
1.fixed cut fixed fixed Zhang(2001)
2VTR VTRWTR empirical correlation Li(2005), Guerra(2011)
3.L/H cut fixed Mixing of light\heavy parts of each cut Menezes(2013)
4.TBP cuts NA TBP based Thisthsis

Table 45. Product properties computed by different swing cut methods

fixed cut VTR L/H cut

Size | yield | SG | sulfur | yield | SG | Sulfur | size | yield | SG | Sulfur

LV% | LV% | g/lcm3 | wt% | LV% | g/em3 | wit% | LV% | LV% | g/em3 | wt%

naphtha | 3.0 76 | 074 | 003 | 76 | 077 | 005 | 30 | 76 | 0.74 | 0.03

swil-| 4.6 0.79 | 0.23 4.6 079 | 0.21

swl-h 04 0.79 | 0.23 04 0.80 | 0.64

kerosene | 140 | 170 | 082 | 1.36 | 170 | 0.82 | 140 |140| 170 | 082 | 136

sw2-| 2.6 084 | 1.78 2.6 084 | 168
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sw2-h 44 084 | 178 4.4 0.84 | 184
diesd 50 | 10.7 | 0.85 | 207 | 10.7 | 085 | 1.99 | 50 | 10.7 | 085 | 2.07
Sw3- 1.3 0.86 | 2.38 1.3 086 | 2.23
sw3-h 1.7 0.86 | 2.38 7.7 0.87 | 240
AGO 144 | 221 | 089 | 278 | 221 | 0.88 264 (144 | 221 | 0.89 | 2.78
Table 46. Specific gravity predictions vs. AspenPlus
Specific gravity unit hnph kero dd AGO
AspenPlus g/cm3 0.763 0.827 0.858 0.889
fixed cut g/cm3 0.769 0.824 0.848 0.879
VTR g/cm3 0.766 0.824 0.848 0.879
L/H cut g/cm3 0.769 0.824 0.848 0.879
TBP cuts g/cm3 0.754 0.823 0.858 0.894
fixed cut error % 0.820 -0.369 -1.153 -1.154
VTR error % 0.443 -0.3%4 -1.170 -1.112
L/H error % 0.750 -0.412 -1.147 -1.105
TBP cut error % -1.154 -0.497 -0.033 0.515
Table 47. Sulfur prediction vs. AspenPlus
sulfur content unit hnph kero dd AGO
AspenPlus wt% 0.17 1.49 2.23 2.83
fixed cut Wt% 0.16 1.40 1.99 2.64
VTR Wt% 0.05 1.40 1.99 2.64
L/H cut wWt% 0.14 1.39 2.00 2.65
TBP cuts wWt% 0.20 1.46 2.21 2.83
fixed cut error % -9.67 -5.80 -10.65 -6.56
VTR error % -70.58 -5.74 -10.79 -6.63
L/H error % -19.75 -6.31 -10.38 -6.29
TBP cut error % 18.82 -1.54 -0.92 0.01
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Figure 19. Specific gravity of products using yield based on equidistance assumption
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Figure 20. Sulfur content of products using yield based on equidistance assumption

Test #4: What isthe major sourceof error for swing cut methods?
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Since thereis afairly large error in computing product yields via swing cut methods,
this test is to evauate its impact on the accuracy of the product properties predictions.
There are 6 TBP constraints, we just have 4 manipulate variables. So | try to find the
solutions which give TBP as close as possible. The TBP constraint results shown in Tab.
48 and the flowrate compared with AspenPlus shown in Tab. 49 . Instead of using
product cumulative cuts (cumulative yields) from the swing cut methods, we substituted
the yields from the hybrid model and from them calculated the corresponding (swing)
cuts, as shown in Tab.50. In order to compared with previous results, | fix the stripper
steam the same as AspenPlus. Then TBP constraints were specified and the yields were
manipulated variables. There is not enough freedom to generate the yields exactly the

same as AspenPlus.

For instance, for VTR method, the yield of kerosene changed from 17.0% to 21.5%.
This eliminates the error in the cumulative cuts and makes it possible that the property

calculation methods use the crude property data from the correct region of the crude

assay.

From the Fig.18, the yield of diesel is 13.5% calculated by AspenPlus shown in Tab. 43.
In contrast, the yield of diesel is 10.7% computed by VTR method based on equidistance

assumption shown in Tab. 43.
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Specific gravity results are shown in Tab. 51 and Fig.21. There is an improvement in

accuracy, even though the prediction errors in the origina swing cut methods (Tab. 46)

are already around 1%.

Sulphur results show much more improvement (Tab. 52 and Fig.

22), but the swing cut methods (if they are provided with the correct yields) are still not

as accurate as TBP based method.

Table 48. Hybrid model TBP prediction compared with AspenPlus

TBP hnph kero dd kero dd AGO
TBP95 TBP95 TBP95 TBPO5 TBPO5 TBPO5
Aspen | F 360.0 520.0 640.0 350.0 460.0 540.0
plus
Hybrid | F 360.5 520.5 639.7 349.3 459.6 540.5
model
Error | % 0.14 0.09 -0.04 -0.21 -0.08 0.10
Table 49. Hybrid model yields prediction compared with AspenPlus
Flowrate hnph kero dd AGO
AspenPlus bbl/day 5618 16934 10707 12458
Hybrid model bbl/day 5599 17145 10561 12873
AspenPlus LV% 7.06 21.27 13.45 15.65
Hybrid model LV% 7.03 2154 13.27 16.17
Table 50. Product properties computed by swing cut methods
when correct yields are provided from the hybrid model
fixed cut VTR L/H cut
Size |yiedld| SG | sulfur |yiedd| SG | Sulfur | size |yiedd| SG | Sulfur
LV% | LV% | g/cm3 | wt% | LV% | g/em3 | wt% | LV% | LV% | g/lem3 | wt%
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naphtha | 30 | 70 | 0.74 | 003 | 70 | 076 | 005 | 30 | 70 | 0.74 | 0.03
swl-| 4.0 0.79 | 0.23 4.0 0.79 | 0.18
swl-h 1.0 0.79 | 0.23 1.0 0.80 | 0.58

kerosene | 140 | 215 | 082 | 1.36 | 215 | 0.83 | 146 | 140 | 215 | 082 | 1.36
sw2-| 6.6 0.84 | 1.78 6.6 084 | 1.77
sw2-h 0.4 084 | 1.78 0.4 0.85 | 1.93
diese 50 | 183 | 085 | 207 | 133 | 086 | 225 | 50 | 133 | 0.85 | 2.07
Sw3-| 7.8 086 | 2.38 7.8 086 | 2.36
sw3-h 1.2 0.86 | 2.38 1.2 087 | 251
AGO 150 | 162 | 089 | 279 | 16.2 | 089 | 276 | 150 | 16.2 | 0.89 | 2.79

Table 51. Specific gravity prediction when using yields from the hybrid model

speci_fi c unit nph kero dd AGO
gravity
AspenPlus | g/cm3 0.763 0.827 0.858 0.889
fixedcut | glem3 | 0.765 | 0836 | 0847 | 0915
VIR | gcm | 0.764 | 0826 | 0.858 | 0885
L/Hout | glem3 | 0.766 | 0826 | 0.858 | 0886
TBPouts | glom3 | 0754 | 0823 | 0858 | 0.89
fxedalt |9y | 0241 | 1123 | 1323 | 2931
error
VIReror | % | 0097 | -0064 | -0045 | -0.421
LHeror | % | 0400 | -0082 | -0011 | -0.331
TBPA 1 o | 1154 | -0497 | -0033 | 0515
error
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Table 52. Sulfur prediction when using yields from the hybrid model

sulfur content unit hnph kero ds AGO
AspenPlus wt% 0.17 1.49 2.23 2.83
fixed cut wt% 0.15 1.44 2.25 2.76
VTR wt% 0.05 1.46 2.25 2.76
L/H cut wt% 0.12 1.45 2.24 277
TBP cuts wt% 0.20 1.47 2.22 2.84
fixed cut error % -13.61 -3.16 0.73 -2.32
VTR error % -71.75 -1.65 0.93 -2.51
L/H error % -32.53 -2.38 0.42 -2.00
TBP cut error % 18.82 -1.54 -0.92 0.01
0.95
0.9
£ . ,/ —fix cut
@ 0.85 2
> —VTR
g 08 —L/H
O e TBPcut nph
2 075 . TBP
5 cut kero
& o7 ° TBP cut dd
I TBP cut AGO
0.65
0 20 40
LV (%)

Figure 21. Specific gravity of product based on the yields from hybrid model
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Figure 22. Sulfur content of product based on the yields from hybrid model
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6. Conclusions

This work addresses the issue of inconsistency of predictions between the models which
are used for planning, for scheduling, and for rea time optimization of refinery
operations. Over the last decade there have been many proposed versions of smplified
crude distillation models. Most of these models rely on the assumption that at be
boundary of the product cut the distance from the crude distillation curve to the front end
of the heavier product is equal to the distance to the back end of the lighter product. In
addition, many models assume that the mid-point of the product distillation curve lies on
the crude distillation curve. Both of these assumptions are not correct as it can be seen

from rigorous crude unit simulation or from plant data.

Hybrid model presented in this thesis removes both of these assumptions. It is a small
size model of the crude unit (preflash, atmospheric, and vacuum towers) which predicts
the unit behaviour with very small discrepancies (vast majority of them less than 1%)
with respect to the rigorous tray to tray model. The model is linear, with exception of
the reflux/(reflux+distillate) variable for the atmospheric tower. Volumetric and energy
balance equations are complemented by PL S models which relate the operating variables

to product distillation curves.

Extensive model testing has been carried out by comparing the model predictions with

rigorous tray to tray model of the crude unit in AspenPlus. An optimization example
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demonstrates that the optimum computed from the hybrid model is feasible and at least as

good as the optimum computed by AspenPlus equation oriented mode.

The previous paper (Mahalec 2012) relied on the calculation of interna reflux ratios in
the didtillation tower. In order to calculate these ratios, one needs to know the
temperatures on the corresponding trays. Such data are available in real-time operation
but unavailable in production planning or scheduling. In addition, Mahalec and Sanchez
modelled only the atmospheric distillation tower. The current work is wider in scope; it
includes the preflash tower, the atmospheric tower, and the vacuum tower. It is a
complete model of a crude distillation unit with accuracy close to the rigorous models.
Moreover, this work includes properties prediction section which is not covered in the

previous work by Mahalec and Sanchez (2012).

The current work presents a model which is suitable for production planning and for
scheduling, in addition to RTO. Since tray temperatures for some future operation are
not available in the planning or in the scheduling applications, the current model does not
use interna reflux ratios. Instead, the current model uses directly the operating

variables and the gap between selected TB points of the adjacent crude cuts.

Different swing cut (fixed-cut, weight/volume transfer, light/heavy) methods were

compared with pseudo-cuts TBP based method which uses product TBP curves computed



via hybrid distillation model. Bulk product properties are computed by blending
pseudo-cuts for each product as determined by the product TBP curves. Swing cut
models use assumptions which lead to incorrect product TBP curves, resulting in lower
yield accuracy. If swing cut method yields are replaced by the correct yields from hybrid
model, for monotonically increasing crude properties (gravity), all four methods have the
same accuracy. Non-monotonical properties (sulphur) are predicted more accurately by
TBP pseudo-cuts method.

Small size of the model and excellent convergence properties make it suitable for
applications in production planning, scheduling, and rea-time optimization refinery
applications. Therefore, this type of the hybrid models can be used to eliminate
discrepancies (caused by different models) in the decisons between these business

jprocesses.

The future work will focus on integrating this hybrid model with other processing unitsin
refinery like FCCU, Naphtha reformer etc. Then this refinery platform can be used for

planning and scheduling related research.
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