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ABSTRACT

Diesel hydroprocessing is an important refinery process which consists of
hydrodesulfurization to remove the undesired sulfur from the oil feedstock followed by
hydrocracking and fractionation to obtain diesel with desired properties. Due to the new
emission standards to improve the air quality, there is an increasing demand for the
production of ultra low sulfur diesel fuel. The first of the thesis is addressing the development
of a reliable dynamic process model which can be used for real-time optimization and control
purposes to improve the process conditions of existing plants to meet the low-sulfur demand.
The overall plant model consists of a hydrodesulfurization (HDS) model for the first two
reactor beds followed by a hydrocracking (HC) model for the last cracking bed. The models
are dynamic, non-isothermal, pseudo-homogeneous plug flow reactor models. Reaction
kinetics are modeled using the method of continuous lumping which treats the reaction
medium as a continuum of species whose reactivities depend on the true boiling point of the
mixture. The key modeling parameters are estimated using industrial data. Steady-state and
dynamic model predictions of the reactor bed temperatures, sulfur removal, and diesel

production match closely the plant data.

The industrial Diesel Hydroprocessing plant operates with varying feed-stocks and large
throughputs. Also, changing market conditions have significant effects on the diesel product
specifications. In the presence of such a dynamic environment, the DHP plant has to run in
the most profitable and safe way while satisfy the product requirements and not violating
specified constraints. In the second part of the thesis, a hierarchical, cascaded model
predictive control structure is proposed to be used for real-time optimization of the industrial
DHP plant using developed models. The performance of the control structure is checked with

closed loop simulations for both set point tracking and disturbance rejection cases.



OZET

Dizel hidro-islemesi, iginde siilfiir giderimi i¢in hidrodesiilfiirizasyon ve istenen dizel
iirliniin elde edilmesi i¢in hidrokraking ve ayristirma islemlerini bulunduran 6nemli bir
rafineri siirecidir. Hava kirliligi ve kiiresel 1sinma etkilerinin azaltilmasi yoniinde belirlenen
yeni salimim kurallar1 ile birlikte, ¢ok diigiik kiikiirt seviyeli dizel iretimine duyulan ilgi
artmigtir. Bu tezin ilk kisminda, ¢ok diisiik kiikiirt seviyeli dizel iiretilen rafinerilerin, dinamik
stireclerinin modellemesi i¢in kullanilabilecek giivenilir modellerin elde edilme caligsmasi
yapilmistir. Calismanin yapildig: rafineri iinitesinde, iki adet hidrodesiilfiirizasyon ve bir adet
hidrokraker reaktorleri birbirine seri bagli sekilde calistirilmaktadir. Tasarlanan modeller
dinamik, es-1s1l olmayan, sozde-homojen, integro-diferansiyel ve tapa akis reaktor
modelleridir. Reaksiyon kinetikleri siirekli kiimeleme yontemi kullanilarak modellenmistir.
Stirkeli kiimeleme yonteminde, tepkin karigimlarin tepkime ozellikleri gercek kaynama
noktalarina gore tayin edilir. Onemli model degiskenleri, gercek iinite Sl¢iimleri kullanilarak
belirlenmistir. Degisken ve yatiskan haldeki sicaklik, siilfiir giderimi ve dizel iiretimi model

ongorii sonuglari linite ile yakin derecede uyumludur.

Endiistriyel dizel hidro-isleme iiniteleri yliksek derecede degiskenlik gosteren beslemeler ve
yiiksek akis hizli liriin ¢iktilart ile galistirilmaktadir. Ayrica, pazardaki degiskenlikler dizel
irlinli gereklilikleri tizerinde ©Onemli etkilere sahiptir. Bu nedenle, dizel hidro-isleme
iinitelerinin glivenli, kisitlar1 asmayaca ve karlilik oran1 en yiiksek sekilde siirdiirtilmesi biiytlik
onem arz etmektedir. Bu tezin ikinci kisminda, elde edilen iinite modelleri kullanilarak,
endiistriyel dizel hidro-isleme tiniteleri ig¢in es-zamanl en-iyileme ve kademeli kontrol sistemi
tasarlanmistir. Tasarlanan kontrol sistemi iki katmanli ve kademelidir. Bu kontrol sisteminin
ist kademesi karlilik hedefli calisirken, alt kademesi bagimsiz kontrol yapilarini koordine
eder. Tasarlanan kontrol sisteminin performansi, kapali dongii hedef degere ulasma ve bozucu

etki giderme simiilasyonlari ile denetlenmistir.
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NOMENCLATURE

T = Bed temperature (K).

T, = Reference temperature (K).

TBP = True Boiling Point (°C).

TBP(h) = Highest boiling point (°C).

TBP(I) = Lowest boiling point (°C).

C, = Heat capacity (kJ/kg-K).

AT = Bed temperature difference (°C).

v =Average velocity (m/h).

C(t) = Concentration (kg/kg-feed).

c(k,0,0) = Initial oncentration of species at the reactor inlet (kg/kg-feed).

k_. .= Minimum reactivity of sulfur species in Bed 1 (h™).

minl
K., = Maximum reactivity of sulfur species in Bed 2 (h™).
k = Reactivity (h™).

D(k) = Species type distribution function.

K,.s = Maximum reactivity of sulfur species in Bed 2 (h™).

K, = Maximum reactivity of sulfur species in Bed 2 (h™).
wt = Weight fraction.

K = Maximum reactivity in the hydrocracker (h™).

N = Number of sulfur species.

E, 1= Activation energy in Bed 1 (kJ/kmol).

Ea2 = Activation energy in Bed 2 (kJ/kmol).

AH1 = Heat of reaction in Bed 1 (kJ/kg-sulfur).
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AH, = Heat of reaction in Bed 2 (kJ/kg-sulfur).

Kic. mex = Maximum reactivity of hydrocarbon species in the the hydrocracker bed (h™).
, M

Ea hc = Activation energy for the hydrocracking reactions (kJ/kmol).

¢ = Parameter for the heat of cracking reaction.
d =Parameter for the heat of cracking reaction.

TCP= Temperature cut point.

a, = Blending parameter for heavy diesel.

b, = Blending parameter for light diesel.

C; = Blending parameter for light vacuum gas oil.

di = Blending parameter for imported diesel.

pgsHD = ASTM D86 values of heavy diesel. (°C)

p8s-D = ASTM D86 values of light diesel. (°C)

D86-YCO = ASTM D86 values of light vacuum gas oil. (°C)
pas M Diesel = ASTM D86 values of imported diesel. (°C)

D86 FEED = ASTM D86 values of DHP Feed Drum. (°C)

S, = Feed sulfur weight percent. (%)
F, = Feed flow rate (ton/day)
My, = Total mass in the blending tank. (ton)

Tiank = Time constant of blending tank.

Xyp = Mass fraction of heavy diesel.
Feed T °°= The temperature at which 95 % of DHP Feed by volume boils. (°C)

Diesel T°° = The temperature at which 95 % of Diesel by volume boils. (°C)
Sconv = Conversion of sulfur.

M, = Flow rate of heavy diesel. (ton/day)
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M = Flow rate of import diesel. (ton/day)
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Chapter 1

INTRODUCTION

Diesel is a petroleum fossil fuel that contains different forms of sulfur compounds
including mercaptans, sulfides, disulfides, thiophenes, benzothiophenes, dibenzothiophenes,
and substituted dibenzothiophenes. Combustion of sulfur compounds in diesel engines emits
sulfur oxides into the atmosphere, which can cause detrimental effects on the human health
and the environment. In order to comply with the new emission standards to improve the air
quality, there is an increasing demand for the production of ultra low sulfur diesel (ULSD)
fuel (<10 ppm). In the future, this trend towards “zero” sulfur diesel is expected to continue
[1]. In order to meet the low-sulfur demand, refineries are considering alternative revamping
strategies such as design changes, new catalysts and improvements in process [2]. In parallel
with increasing market demand for low sulfur diesel, research in the production of ULSD has
gained increased popularity in the scientific community [1].

The industrial hydro-processing plant subject to this study consists of two catalytic
hydro-desulfurization (HDS) reactors and a hydro-cracking (HC) reactor in. The feedstock of
the unit is a blend of four streams: HD (straight run heavy diesel), LD (straight run light
diesel), LVGO (light vacuum gas oil) and an imported diesel. HD and LD streams are
obtained from a crude distillation unit, and LVGO stream is derived from a vacuum
distillation unit. These streams are blended in order to obtain a desired T95 value for the
reactor feed. In the first two HDS beds, the organic sulfur impurities are removed.
Hydrocracking (HC) occurs in the last bed where heavier hydrocarbons are cracked to lower
molecular weight petroleum fractions. Inter-stage cooling by quench hydrogen is used in both
reactors to control the bed exit temperatures. Reactor effluent is next fed to the separation unit

where end products naphtha and diesel are obtained.

The industrial diesel hydro-processing plant operates with varying feedstocks and
large throughputs. Also, changing market conditions have significant effects on product

specifications. Therefore, slight improvements on process conditions may result in high profit
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increases. In such a dynamic environment, the diesel hydroprocessing plant must be processed
in the most profitable and safe way. The main operational objectives are to maximize the
overall profit of the plant and to keep the sulfur content of diesel below 10 ppm. Therefore,
optimum steady-state operating conditions have to be calculated using an economic objective

function, and a proper control configuration has to be designed.

In Chapter 2, the focus is on the steady and dynamic modeling studies of the plant
using continuous lumping approach. Non-linear first principle models are obtained and these
models are trained with real industrial plant data using parameter estimation techniques. The
prediction results match the plant data closely.

In Chapter 3, a hierarchical cascaded model predictive control structure is proposed
along with the plant-wide optimization structure for the DHP plant. In addition, for the feed
blending and the fractionation units, new empirical models are developed to predict certain
important feed and product properties for optimization and control purposes. The main task
of the cascaded MPC structure is to coordinate the decentralized regulatory blending and

reactors MPCs together to reach the plant wide optimal operating point.
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Chapter 2

DYNAMIC MODELING OF THE DIESEL HYDROPROCESSING PLANT

2.1 Introduction

The simplified flowsheet for the industrial diesel hydroprocessing (DHP) plant is
shown in Figure 2.1. The plant is designed to process 4500 cubic meters per day of diesel
feedstock. The process consists of a blending section followed by three catalytic reactor beds
which consist of two hydrodesulfurization (HDS) and one hydrocracking (HC) bed. The feed
is obtained by blending four streams: HD (straight run heavy diesel), LD (straight run light
diesel), LVGO (light vacuum gas oil) and an imported diesel. HD and LD streams are derived
from a crude distillation unit, and LVGO stream is derived from another vacuum distillation
unit. Imported diesel’s specifications are close to the product specifications of the DHP Plant
except the sulfur content. It is used as an additive in order to keep the product T95 value (the
temperature at which 95% of the distillate is collected e.g. by ASTM D86 distillation) at
desired specifications. These streams are blended in order to obtain a desired T95 value for
the reactor charge. The blended feed is mixed with the recycle hydrogen gas (treat gas) before
it enters the furnace where it is heated to the required reactor inlet temperature.
Hydrodesulfurization occurs at high temperatures in the presence of excess hydrogen to
produce higher-value hydrocarbon products with lower sulfur levels. In the first two catalytic
HDS beds (usually with CoMo/Al,O; or NiMo/Al,Os; catalysts), the organic sulfur
compounds are converted to hydrogen sulfide. Reactors operate at high pressures (3.0-5.0
MPa) and temperatures (300-450 ‘C). Hydrogenation reactions are exothermic; therefore,
reaction products are cooled by the hydrogen quench flows between beds. Hydrocracking
(HC) occurs in the third bed in which the high-boiling, high molecular weight hydrocarbons
crack to lower-boiling point species. The last (fourth) bed is used for dewaxing to improve the
cold flow properties during winter operation. The presented model does not include this bed
since it covers the days of summer diesel operation when the last bed was inactive. HDS and

HC units are trickle bed reactors in which the liquid phase consists of the heavy gas oil feed;
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hydrogen is in the gas phase and the catalyst constitutes the solid phase. The HC product is
separated into the end products which are the diesel and the naphta. Important product

specifications are the sulfur content and T95 value for the diesel.

Heavy
Diesel [|—
Diesel [ Feed
—|
Drum
LVGO |_,
Imported
Diesel J »| Fumnace
A
I
I
I
I

Naphth
ﬂ
ﬂ

Fractionation

Hydrogen

Figure 2.1: Simplified DHP plant flowsheet.

The kinetics of hydrodesulfurization is complex since the diesel feedstock contains a
variety of organic sulfur compounds. In general, the difficulty of sulfur removal increases in
the order: paraffins < naphthenes < aromatics [3]. Reactivities of different sulfur compounds
depend on their boiling points as shown in Figure 2.2 [4]. For treating oil to lower and lower
sulfur levels, it is necessary to remove sulfur from the heavier hydrocarbon fractions that are
the most difficult to desulfurize. As shown in Figure 2.2 [4], the higher molecular weight
dibenzothiophenes are sterically hindered refractive compounds that are the most difficult to

treat.

Typical HDS reactions are shown in Figure 2.3 [5]. Mechanistic kinetic modeling of
hydrodesulfurization is a challenging task because of the large number of compounds
participating in many complex reactions. In this work we use the continuous lumping method
that considers the reactive mixture as a continuum [6],[7]. Continuous lumped models are
relatively easy to develop, and they have fewer number of modeling parameters to estimate.

At the same time they are known to possess good predictive capabilities [8].

Eventually, we want to use the developed model for optimization and control of the

industrial unit. For this reason, the model should be able to predict both the steady-state and
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dynamic behavior of the actual process. At the same time, while capturing the essential
features of the industrial process, unnecessary details which can hinder its end use must be
avoided. Therefore, in this work, instead of an heterogeneous multi-dimensional model, we
choose to develop a pseudo-homogeneous, one-dimensional dynamic reactor model.
Similarly, instead of a more detailed mechanistic kinetics modeling, we use a kinetic model

based on continuous lumping.

A Mercaptanes R=Alkylor H Gasoline

R-SH, R-5-5-R Range

Thiophenes

; Jet
RU :  Range

) i,
; Benzothiophenes g E
& :
= H :
E - :
g E Diesel
= Dibenzothiophenes ; R:;:e-{-
g E B
= R g
- Qo0
© S
v
o

Increase in Size & Difficulty for HDS

Figure 2.2. Reactivities of sulfur compounds.
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hicrcapmus
R-SH + H; = R-H + H,8
Sulfides

R1-5-R2 4+2H; — Rl-H 4 R2-H 4 H35

Thiophenes

K
| || +4H; —» R-CH(CH3)-CH3-CH; = H:S
5

Benzo-thiophenes

Figure 2.3. Some of the HDS reactions.

2.2 Modeling Studies

2.2.1 Mathematical Preliminaries for Continuous Lumping

For a mixture that has N reactant species, the total concentration at time t is given by

=250

where c(t) is the concentration of the i reactant and C(t) is the total concentration. In our

case for the HDS beds, the reactant is the sulfur compound.

In Chou and Ho [7] , the above discrete mixture was approximated by a continuous

mixture where the concentrations are continuous functions of reactivity k. This is achieved by

a coordinate transformation from discrete “i-coordinate” to continuous “k-coordinate” given

by:
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Ai
D(k) =
() Ak, (2.2)

As the number of species N approaches infinity, D(k;) becomes a continuous function of k

and D(k)dk represents the number of species with reactivity between k and k+dk. With these

definitions, one gets the continuous representation of the discrete mixture:

C :w k,t)D(k)dk
() !c( t)D(k) 23

where c(k,t) is the concentration of reactant with reactivity k at time t in the continuous

mixture. D(k) is known as the species-type distribution function.

The literature suggests that for HDS reactions, the reactivity of sulfur species
decreases monotonically with the True Boiling Point (TBP). Accordingly, the following
relationship has been used to model this dependency [9]:

1

k=k_. —k_ In[e?—(e*-1)0] (2.4)

where K., K. and B are adjustable (to be estimated) parameters and variable @ is the

normalized true boiling point. Figure 2.5 shows how the reactivity of different sulfur

compounds changes as a function of the the boiling point according to Eq. 2.4.
The normalized true boiling point & is defined by:

_ TBP-min(TBP)
~ max(TBP) - min(TBP) (2.5)

The distribution function is determined from its definition:

di do . do
D(k)=———=N-— 2.6
=30 % N & (26)
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where a9 is computed from Eq. 2.4. It is this form of sulfur species-type distribution

function D(k) that has been used in all of the HDS continuous lumping models in the

literature.

Reactivity

"0 0.2 0.4 0.6 0.8 1
Normalized TBP

Figure 2.4. Hydrodesulfurization rate constant versus TBP.

As seen from Figure 2.4, the most reactive sulfur compounds are those present in light
fractions and the least reactive ones are the most refractive compounds present in heavy

fractions.

2.2.2 HDS Reactor Model

HDS units are trickle bed reactors in which the liquid phase consists of blended gas oil
feed; hydrogen is in the gas phase and the catalyst constitutes the solid phase. Froment et al.
[10] developed a one—dimensional heterogeneous non-isothermal model for a feed mixture
that consisted of benzothiophene, dibenzothiophene and alkyl-substituted DBTs. A three-

phase reactor model was developed by Korsten and Hoffman [11] simulate a pilot trickle-bed
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reactor in which the hydrotreating reaction of vacuum gas oil took place under high—pressure
and isothermal conditions. The model assumed a two-film theory where mass transfer
coefficients and the physical properties were estimated by correlations. Bhaskar et al. [12]
developed a three phase heterogeneous model including mass transfer at the gas-liquid and the
liquid-solid interfaes and applied it to a pilot plant trickle-bed reactor which had an
atmospheric gas oil feed. Chowdhury et al. [13] developed a two phase flow reactor model for

desulfurization and dearomatization of diesel oil in an experimental trickle- bed reactor.

Due to more stringent restrictions on sulfur, HDS reactor operation is requiring tighter
control to meet these specifications. The HDS reactors should be able to process varying
quality oil feeds and be able to respond to changing market demands. Therefore, there is an
increasing need for the development of dynamic models that can reliably predict the
performance of HDS reactors under different operating conditions. Such a model would be
useful for diagnostics, improving process understanding, operator training, and real-time
control. In fact, in this work, the dynamic HDS model has been developed for a real-time

optimization and control project for the refinery.

Pseudo-homogeneous models neglecting mass and heat transfer resistances have been
widely reported in the literature due to their reliability and simplicity. Sau et al. [14] proposed
a pseudo-homogeneous plug-flow model and simulated a commercial kero-HDS reactor by
applying the continuum lumping theory. They grouped organic sulfur compounds into
different classes: mercaptans, sulfides, disulfides, and thiophenes. Langmuir-Hinshelwood
kinetics including the inhibiting effect of hydrogen sulfide was used. A continuous Kinetic
model for an industrial hydrocracking reactor was developed by Basak et al. [15]. The
hydrogen consumption and bed temperature profiles were simulated. Sertic-Bionda et al. [16]
developed a simple steady-state pseudo-homogeneous plug-flow model to simulate a trickle

bed reactor for the hydrotreatment of atmospheric gas oil and light cycle oil.

Relative to the steady-state models, there are not many dynamic models for HDS
reactors in the open literature. Mahinsa et al. [17] presented a pseudo-homogeneous two-
dimensional dynamic model with axial convection and radial dispersion of mass. Results
showed negligible radial effects and one-dimensional modeling was recommended. Mederos
et al. [18], [19] developed a heterogeneous one-dimensional model that consisted of dynamic
mass and energy balance equations for the liquid and solid phases. All the reactions of

different sulfur compounds were lumped to a single HDS reaction. A heterogeneous transient,
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non-isothermal fixed bed model was considered in [20]. Only desulfurization of thiophene
was simulated to reduce the computations. In Chen et al. [21] a dynamic two-dimensional
hydrotreater model with axial and radial dispersion of heat and mass is given.
Hydrotreatment of a partially stabilized light-coker naphtha was studied and the heat effects
related to all of the chemical reactions were associated with a single olefin hydrogenation

reaction.

In the present work, the used model is a single-phase (liquid) pseudo-homogeneous
one-dimensional plug flow reactor model with a kinetic model that uses continuous lumping.
As such, in addition to the steady-state behavior, it can also predict the dynamic response of
the reactor. Although the developed model bears some similarities with the existing steady-
state models, this is the first pseudo-homogeneous, one dimensional HDS reactor model that

treats both dynamics and continuous lumping together to the best of our knowledge.

In the model the heat and mass transfer resistances between phases are assumed
negligible. Temperature and concentrations change only as a function of time and axial
position in the bed. Hydrodesulfurization product H,S is reported to inhibit the reaction
Kinetics in the literature [9, 18, 19]. However, since there is no way of independently
verifying it in the plant, it was assumed that there is no H,S inhibition. It is further assumed
that catalyst deactivation is relatively slow and catalyst activity does not change during the
period the data is collected. Any possible H,S inhibition or catalyst deactivation effects are
indirectly accounted for by the rate constant estimated from plant data. It is also assumed that
hydrogen is in excess and reactions can be modeled by first order kinetics. With these

assumptions, taking a differential reactor volume, the unsteady-state differential mass balance

for the plug flow reactor can be written as follows:

dN,

F.| — FS‘VMV +rAV = at 2.7)

S‘V

where N, represents the number of moles of sulfur species, r is the reaction rate and F;, and

s,in

F

5.out &r€ the inlet and outlet flow rates of the sulfur species into and out of the differential volume

element. Eq. 2.7 can be re-written as:

CS‘Z Av —Cs‘Hdz Av—-kCAdz=

d(AdzC,)
dt (28)
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where A, is reactor cross-sectional area, v is the average velocity, k is the reaction rate

and Cis the concentration of sulfur species. Dividing each term by ACdZ and taking limit as dz

approaches to zero, Eq. 2.8 becomes:

A(C, (K, z,1)

Sy KZY e =S 2.9)

0z

Modifying Eqg. 2.9 by dividing to total concentration and relating the reaction rate by the
hydrodesulfurization reaction equation (Eq. 2.4) and also by using Arrhenius type relation in
order to take into account the non-isothermal behaviour, the final mass balance equation can

be obtained as follows:

~E,(1 1
M:_VM_koe " [T TJw(k,z,t) (2.10)

ot 0z

where w(k, z,t) is the sulfur mass fraction of the compound with reactivity k at position z and
time t. E, is the activation energy; kK, is the rate constant at some reference temperature T,.
Once Eqg. 2.10 is solved, the total weight fraction of the sulfur within the TBP range 6,- 6,0r

the corresponding reactivity k, -k, can be determined from:
k,
w,, = [w(k, z,t)D(K)dk (2.11)
ki

Unsteady-state energy balance is similarly derived as:

PANVC, (T(z,Y)], -T(z.Y),,, )+ pAdz mflim(k, 2,t)D(K)(-AH, (k))dk = pAccp(aT(gtz’t)) (2.12)

where C_ is the specific heat capacity of the feed; and AH, (k)is the heat of

desulfurization reaction for the species with reactivity k .
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Arranging Eq. 2.12, the energy balance equation can be obtained as follows:

Kmax ’Ea i_i

ar(zt) __ oT(zY j T TOJW(k z,t)D(K)(-AH, (K))dk (2.13)

L1
ot 0z C

For simplicity a constant average values for AH_ (k) have been used. The second term on the

right hand side of Equation 2.13 is a sum of the heat of reactions due to all types of sulfur

species undergoing hydrodesulfurization. In particular w(k, z,t)D(k)dk denotes the total mass

fraction of sulfur with reactivity between k and k+dk that reacts.

In order to solve the integro-differential reactor equations Eq. 2.10 and 2.13, one needs

to specify the initial sulfur distribution of the feed i.e. w(k,0,0). In order to compute w(k,0,0),

the oil feed is divided into N pseudo-components where each pseudo-component boils in a

particular temperature range and contributes to the feed by its weight fraction given by:

k
W, = j w(k,0,0)D(k)dk for i=12.,,,.N. (2.14)
I(i—l
When the weight fraction of sulfur in the feed i.e. w, is available from the plant

measurements, w(k,0,0) can be obtained by inverting Eq. 2.13 subject to the constraint:

N Kmax
;wi =1=[w(k,0,0)D(k)dk (2.15)
i= 0

Using the calculated w(k,0,0) and the known value of the reactor inlet temperature T(0,0), the
nonlinear integro-differential equations were solved numerically by using forward finite
difference approximation for time derivative, centered finite difference approximation for the

position derivative and applying the trapezoidal rule to evaluate the integrals using MATLAB.
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2.2.3 HC Reactor Model

The product from the last HDS reactor bed is cracked into lighter and valuable products
in the third HC bed in the presence of hydrogen. Sildir et al. [22] developed a reactor model
for an industrial hydrocracking unit by applying the continuous lumping approach. The model
predictions were in a good agreement with the plant measurements. Here, the same model for
the last bed was used. It is assumed that there is no HDS reaction taking place during

hydrocracking. Modeling equations are:

“Eahc(1 1
aekzt) ekt rl

khc,max

TT0jc(k,z,t)+ [ pK)Kge °

—Ea,hc (17i

T T"JC(K,z,t)DhC(K)dK (2.16)

8t 62 hcO h
—Eapc(1 1
Khc,max R (T To
[ Kncoe c(k,z,t)(=AHy hc (k))Dnc (k) dk
oT (z,1) B oT (z,1t) 0
a ~VTa ¢ Khc,max (2.17)

fc(k,2,)Cp (k) D (k)dk
0

where c(k, z,t) is the mass fraction of hydrocarbon species with reactivity k at axial position
z at time t. The term on the left side of Eq. 2.16 denotes accumulation of mass. The first term
on the right hand side of Eq. 2.16 is the net rate of addition of mass by convection; the second
term is the consumption of the species with reactivity k due to cracking; and the third term is
the generation of the species with reactivity k by cracking the heavier species. The yield
function p(k, K) represents the formation of the species with reactivity k from hydrocracking

of heavier species that has reactivity K. D, (k) is the species type distribution function for the

cracking species whose mathematical expression is different than the distribution function

D(k) given for hydrodesulfurization. p(k,K), AH,,.(k) and D, (k) are specified in [22]. In

r,he

Eq. 2.17, the second term on the right hand side is the addition of heat due to cracking; Cp (k)

and AH; ho (k) are the heat capacity and heat of reaction of species with reactivity k,

respectively.
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The initial distribution c(k,0,0) and the HC integro-differential equations are solved by
the same numerical methods desribed for hydrodesulfurization. After the product

concentration c(k, z,t) is calculated by solving the differential equations, the weight fraction

of each product can be determined from:

ks
W, (2,t) = [ c(k, 2,) Dy, (k)dk (2.18)
k

2.3 Feed Characterization

In order to simulate the first HDS bed, the weight fraction of sulfur in the feed has to
be known. In the plant, sulfur concentrations of certain distilled volume fractions of the feed
are measured by using ASTM D2622 method in which the total sulfur content of each fraction
is measured by a wavelength X-ray Fluorescence Spectrometry. For a particular day of

operation, these laboratory measurements are given in Table 2.1.

Table 2.1: Feed sulfur measurements for a particular day.

Feed S (wt%)
ASTM IBP 0
20 vol% 0.47
50 vol% 0.60
95 vol% 1.04
ASTM FBP (100%) 1.121

By fitting a polynomial using the measurements in Table 2.1, the cumulative sulfur
distribution is constructed with respect to TBP as shown in Figure 2.5a. Since the cumulative
distribution function is the integral of the density function, the sulfur density function is
computed by differentiating the cumulative distribution and plotted in Figure 2.5b. The HDS

model uses the weight fraction of sulfur in the feed w; (see Eq. 2.10). This corresponds to the
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sulfur density shown in Figure 2.5b. As a final note, sulfur density which is given as a
function of TBP in Figure 2.5b can be expressed in terms of reactivity k, by using the

mapping between k and the normalized TBP & given by Eq. 2.4.

14
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In addition to the feed sulfur distribution, it is necessary to characterize the
composition of the hydrocarbons in the petroleum feed as well. True boiling point (TBP)
curve is a common way to characterize the composition of crude oil. ASTM D86 method is
used in order to generate the TBP curve of a petroleum mixture by distillating certain volume
fractions of the mixture using lab scale distillation columns [23]. Using an industry - standard
ASTM D86 in the laboratory, distilled volume fractions of the feed are recorded as a function
of temperature. For a particular day, these measurements are tabulated in Table 2.2.
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Table 2.2: ASTM D86 results for a particular day

DHP FEED DRUM

API 34.0
S (W%) 131

distillation type ASTM D86
ASTM IBP, °C 205
5vol% , °C 227
10 vol% , °C 247
30 vol% , °C 278
50 vol% , °C 303
70 vol% , °C 328
90 vol% , °C 365
95 vol% , °C 386
ASTM FBP, °C 401

From the volume fractions, the weight fractions can be computed (e.g. using the oil manager
of HYSYS) and plotted versus temperature to give the TBP curve. In addition to the feed,
Diesel and Naphtha TBP curves are also measured in plant. Using these measurements and

blending them in HYSYS Oil Manager, product TBP curve can also be estimated.
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2.4 Results and Discussion

2.4.1 Parameter Estimation

Having developed the structure of the model, parameter estimation methods can be
used to determine appropriate values for the parameters so that the model’s predictions match
the plant data closely. Steady-state parameter estimation is defined as a non-linear weighted

least squares problem:
min (X, - X, (#)" W (X, - X, (#)) (2.19)

where X, is the vector of plant measurements; X, (¢) is the vector of model predictions
which depend on the values of the parameter set ¢. W is a weighting matrix. Available plant

output measurements for the HDS reactors are the temperature differences in each reactor bed
and the sulfur content of the product. The plant measurements for the HC unit consist of the
temperature difference across the bed and the weight fractions of the diesel and naphta
products after fractionation (see Figure 2.6). Once the TBP curve of the HC reactor effluent
is predicted by the HC model, the weight fractions of the end products diesel and naphta can
be easily calculated (see Results) and compared with the measured values in the plant.
Adjustable parameters for the hydrodesulfurization and the hydrocracker reactors are given in
Table 2.3 and Table 2.4 [22], respectively.
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Table 2.3. HDS Parameters

Parameter Description
Koin Minimum reactivity of sulfur species in Bed 1
Kin Maximum reactivity of sulfur species in Bed 2
yij The parameter that relates HDS reactivity to the normalized
boiling point
Ko Maximum reactivity of sulfur species in Bed 2
Ko 2 Maximum reactivity of sulfur species in Bed 2
. Activation energy of Bed 1
E.p Activation energy of Bed 2
AHy Heat of Reaction in Bed 1
AHp Heat of Reaction in Bed 2
Table 1.4. HC Parameters.
Parameter Description
Khe, max Maximum reactivity of hydrocarbon species
a The parameter that relates cracking reactivity to
normalized boiling point
a, The parameter in the yield function
a The parameter in the yield function
Eahc Activation energy for the hydrocracking reactions
c Parameter for the heat of cracking reaction
d Parameter for the heat of cracking reaction
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For such complex systems and high number of parameters, some of the parameters
may be correlated, unidentifiable or redundant, meaning that they have poor (large)
confidence intervals. In order to have reliable estimates, the most sensitive and reliable set of
parameters have to be tuned and the other parameters should be fixed at some nominal values.
Fisher Information matrix is used for this purpose [22], [24], [25]. First, parameter estimation
is done without fixing any of the parameters and an initial parameter set is obtained. Next,
following the algorithm given in Schittkowski [25], the number of parameters is reduced by
specifying a minimum threshold for the eigenvalues of Fisher information matrix. Parameter
selection is finalized with the four parameters listed in Table 2.5 since adding more adjustable
parameters increased the 95% confidence limits. These four parameters were tuned as process
conditions changed from day to day. The rest of the parameters were fixed at the nominal
values taken from the initial parameter set, which gave consistent and reasonable prediction
errors. These nominal values are listed with their literature ranges in Table 2.6. When the
fixed parameters are compared with the literature values, it is seen that all the estimated

parameter are consistent with the literature ranges.

Table 2.5. Identifiable Parameters for DHP Unit

Parameter Nominal Value 95 % Confidence
Interval
- 0.298 0.094
K., 0.254 0.054
AHy -7400 0.056
Kne 0.106 0.012
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Table 2.6. Fixed Parameters.

Parameter Nominal Value Literature Values
Kmaxt 15 7.5[8]
Kmax2 1.5 7.5[8]
AH, -41970 -57000 [26], -13000 to -68000 [27]
Ea; 47700 79800 to 244740 [28]
Ea, 99800 52000 to 272000 [27]
Eanc 150000 137000 to 70000 [29]
c -0.0111 -
d -111 -136.7 [22]
a 0.5065 1.35[30], 0.72 [31], 0.35 [8]
ao 0.9629 1.5 [8], 3.08 [31]
a 20.39 22 [8], 26 [31]

2.4.2 Steady State Results

The following variables are measured in the plant: amount of removed sulfur, the
temperature differences in each reactor bed, the TBP curves of the the products naphta and
diesel (including the T95 point of Diesel) and the total amounts of naphta and diesel products.
In the plant it is not possible to perform a distillation assay on the reactor output before
fractionation due to safety restrictions. Instead ASTM D86 distillation is performed on naphta
and diesel products obtained after fractionation. These individual assays are blended by the
HYSYS oil manager to yield the total product’s TBP curve. The results are shown in Figure
2.7. As seen in Fig. 2.7 TBP curves of naphta and diesel overlap in the boiling range 6 =0.30
- 0.47 indicating that the separation is not 100%. This has to be taken into account when
calculating the individual weight fractions of or amounts of naphta and diesel. The
temperature cut point (TCP) concept was used to calculate the individual amounts of naphta
and diesel products [32]. For two “adjacent” products whose TBP curves overlap, the

temperat