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                                                ABSTRACT 

Hydrotreating is one of the main processes of secondary processing of oil raw materials; 

it is directed on considerable reduction of the content of heteroatomic compounds in oil 

products. Hydrotreating process is applied for production and upgrading of various oil 

products: gasoline, kerosene, diesel fuel, vacuum gasoil, and oil fractions. The wide use 

of hydrotreating process is caused, first of all, by introduction of increasing volume of 

sulfur and high-sulfur oil to the production cycle. Toughening of ecological requirements 

to sulfur content in fuel, need of increase in oil refining depth necessitate improvement of 

hydrotreating process. Application of mathematical modeling methods allow predicting 

conditions of hydrotreating process and quality of products that will considerably 

increase the depth of oil refining and will provide observance of all existing 

environmental standards . The purpose of this work is to study the kinetics of various 

reactions involved in hydrotreating of diesel, develop the mathematical model of diesel 

fuel hydrotreating and development of Optimization code that minimizes the sum of 

square of error between experimental and computational results which in return 

calculates the constant values for the reaction rate of hydrodesulfurization of sulfur and 

hydrogenation of aromatics. 
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                                               CHAPTER ONE 

                                                  Introduction 

1.1 Background 

 

 



 
 

 

 

 

1.2 Petroleum Refining and Current Industrial Practice 

 

1.3 Impurities Problems in Crude Oil 

 



 
 

 

 

   

 

 



 
 

 

 

 

 

 



 
 

 

 

1.4.1 Diesel oil 

 

 

 



 
 

 

 

 

 

1.5 Hydrotreating reactions 

 

1.5.1 Hydrodesulfurization (Removal of sulfur content) 
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  Figure 1. 1 Illustration of the difference in reactivity for typical sulfur compounds in gas oils 

1.5.2 Hydrodearomatization 

Hydrodearomatization reactions are reactions in which aromatic rings are saturated with 

hydrogen. For polycondensed aromatic hydrocarbons the hydrogenation of the first ring is in 

general the fastest, and the rate of hydrogenation for subsequent rings tend to be lower with the 

last ring being the least reactive. The reaction pathway for a typical diaromatic compound, 

naphthalene. The rate of hydrogenation of the last ring is significantly lower than of the first one. 



 
 

 

 

Figure 1.2 - Reaction pathway for naphthalene hydrogenation 

1.5.3 Hydrodenitrogenation 

Hydrodenitrogenation reactions are important, not only for their own sake, but also because 

nitrogen compounds can act as inhibitors for hydrogenation reactions. Nitrogen compounds are 

grouped into 2 different classes: Basic and non-basic. The non-basic species are compounds such 

as indoles and carbazoles, while the basic are compounds such as aliphatic amines, anilines, 

pyridines, quinolines and acridines. A common feature of HDN of aromatic nitrogen compounds, 

is that they are relatively slow reacting, and that hydrogenation of the aromatic ring has to 

happen prior to hydrogenolysis of the carbon-nitrogen bond. A possible reaction pathway for 

acridine, a basic nitrogen compound, is shown in figure 1.3. 



 
 

 

 

 

                        Figure 1.3 - Reaction network for acridine hydrodenitrogenation 

 

 



 
 

 

 

 

 

 

 



 
 

 

 

 

 

1.6 CONSTRUCTING A MODEL 

 

 

 

 



 
 

 

  1.6 .1 Process Modeling 

 

 

 

 



 
 

 

 

 

 

1.7 Hydrotreating Kinetic Models (Literature Review) 

 



 
 

 

 

 

 

 



 
 

 

 

 

 

 

1.8 TYPES OF OPTIMIZATION PROBLEMS 

 



 
 

 

1.8.1 Continuous Optimization versus Discrete Optimization

 

 

1.8.2 Unconstrained Optimization versus Constrained Optimization 



 
 

 

  

 

Deterministic Optimization versus Stochastic Optimization 

 

1.9  CLASSIFICATION OF CONVENTIONAL TECHNIQUES 

Classical optimization methods can be classified into two distinct groups: 

 (1) Direct search methods and  



 
 

 

(2) Gradient based methods. 

In Direct search methods only the objective function and the constraint values are used to guide 

the search strategy. The direct search methods are usually slow, requires many function 

evaluation for convergence, since the derivative information is not used in the direct search 

method. 

The gradient-based methods use the first –and /or second order derivatives of the objective 

function and/or constraints to guide the search process. The gradient based methods quickly 

converge to optimal solution if the objective function and the constraints are differentiable 

otherwise they fail to obtain even near optimal solution. Hence gradient based methods are not 

efficient for problems having non-differentiable or discontinuous functions and/ or constraint 

equations (Rao 2009). 

The most common difficulties associated with classical methods are: 

 The convergence depends on the chosen initial solution. 

 Most of the algorithms tend to get stuck to a sub-optimal solution. 

1.10 NON-TRADITONAL OPTIMIZATION TECHNIQUES 

 



 
 

 

1.10.1 GENETIC ALGORITHM 

the performance of next solutions. When compared to traditional continuous optimization 

techniques GA has significant differences described below. 

GA manipulates the coded versions of the  parameters instead of the parameters themselves. 

 

Working principle of GA 

 



 
 

 

Optimum or near optimal solution. GA has been proven to be robust, flexible and efficient in 

vast complex spaces, when searching a problem space for the optimum solution. GA uses the 

idea of randomness when performing a search. However, it must be clearly understood that GA 

is not simply a random search algorithm. It utilizes knowledge from previous generations of 

strings in order to construct a new generation that will approach the optimal solution. 

Crossover: 

 

0 0 0 1 0 0           0 0 0 0 1 1 

 

1 1 1 0 1 1           1 1 1 1 0 0 

 



 
 

 

good strings that are already present in the mating pool, not all strings in the mating pool are 

used in crossover. 

Mutation: 

 

0 1 1 0 1 1 0 0 

0 0 1 0 0 0 1 1 

0 1 0 1 1 1 1 1 

0 1 1 1 0 0 0 0 

Notice that all four strings have a 0 in the left-most position. If the true optimum solution 

requires 1 in that position, then neither reproduction nor crossover operator described above will 

be able to create 1 in that position. The inclusion of mutation introduces some probability of 

turning 0 into 1. 

Advantages of GAs : 

As seen from the above description of the working principles of GAs, they are radically different 

from most of the traditional optimization methods. However, the general advantages are 

described in the following paragraphs. 

GAs work with a string-coding of variables instead of the variables. The advantage of working 

with a coding of variables is that the coding discretizes the search space, even though the 

function may be continuous. On the other hand, since GAs require only function values at 



 
 

 

various discrete points a discrete or discontinuous function can be handled with no extra cost. 

This allows GAs to be applied to a wide variety of problems. 

Another advantage is that the GA operators exploit the similarities in string-structures to make an 

effective search. 

 

 

One other difference in the operation of GAs is the use of probabilities in their operators. None 

of the genetic operators work deterministically. The basic problem with most of the traditional 

methods is that they use fixed transition rules to move from one point to another. For instance, in 

the steepest descent method, the search direction is always calculated as the negative of the 

gradient at any point, because in that direction the reduction in the function value is maximum. 

In trying to solve a multimodal problem with many local optimum points, search procedures may 

easily get trapped in one of the local optimum points. But in GAs, an initial random population is 



 
 

 

used, to start with, the search can proceed in any direction and no major decisions are made in 

the beginning. 

Later on, when the population begins to converge in some bit positions, the search direction 

narrows and a near optimal solution is achieved. This nature of narrowing the search space as the 

search progresses is adaptive and is a unique characteristic of genetic algorithms. 

                                             



 
 

 

                                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            



 
 

 

                                               CHAPTER TWO 

                                                    EXPERIMENTAL WORK 

 

2.1 Equipment and procedure 

Experimental Setup 

The Microactivity-Reference unit is an automated and computer-controlled laboratory reactor for 

catalytic microactivity tests. The system consists of a fixed-bed tubular reactor, with the catalyst 

bed placed inside. The flow inside the reactor is up-down, whereby the reactant mixture is fed 

through the upper part of the reactor and the reaction products are obtained through the lower 

part. The reactant gas streams are fed into the reactor by means of a system of mass flow 

controllers that provide a known and controlled flow of gases. In order to stop the products 

flowing back through the lines, the controllers are protected with check-valves. Once the gases 

have been preheated and liquids evaporated, these streams merge and flow to a 6-port valve. This 

valve is operated by remote pneumatic control through the computer or by means of the touch 

screen and allows for selecting from two possible alternatives for the flow path: either towards 

the reactor or rerouting it towards the system’s gas outlet (by-passing the reactor). When the flow 

of reactants is directed towards the reactor, it passes through filters, at both the inlet and outlet of 

the reactor, thereby protecting the arrangement of valves from possible finely-separated catalyst 

particles. 

The Microactivity-Reference consists of : 

• An integrated unit, whose interior houses the hot box and the reaction system, as well as all the      

system’s control elements and valves. 

• A pump (optional) for feeding liquids into the reactor. 

• A PC  



 
 

 

 

                                          Figure 2.1 :- Experimental setup 

THE CONTROLLERS 

THE REGULATION PARAMETERS 

The Microactivity-Reference unit uses P-I-D controllers for the following control loops: 

Reaction temperature: The signal from the thermocouple located in the catalyst bed is analysed 

by the controller, whose output signal is relayed to a solid-state zero-switching relay that 

regulates the power supplied to the oven proportionally to the control signal. 

Hot box temperature: The signal from the thermocouple located inside the hot box is analysed 

by the controller, whose output signal is sent to a relay that regulates the power supplied to the 

box’s heater proportionally. 

Pressure control: The signal from the pressure transmitter installed upstream of the reactor is 

analysed by the controller, whereby its output signal determines the position of the pressure 

control valve. 



 
 

 

Level control: The signal from the capacitive level sensor installed in the liquid – gas separator 

is analysed by the controller, whereby its output signal determines the position of the level 

control valve located in the base of the separator. 

2.2 Materials Used 

Feed oil 

 Refinery DHDT feed was used in all the experiments carried out. 

Catalyst 

Catalyst used for hydrotreating of diesel was commercial one. Before the actual process of 

hydtrotreating, the catalyst is activated through sulfiding process. The sulfiding process involves 

passing feed spiked with a sulfiding agent over the catalyst bed in a controlled procedure that 

includes several temperature holds.  As the feed and spiking agent are heated in the presence of 

hydrogen, the sulfur compound will readily decompose to form the H2S required to complete the 

sulfiding reactions. 

Catalyst sulfiding involves the following chemical reactions: 

 

2.3 Hydrotreating process conditions 

Hydrotreating of atmospheric gas oils has typically been carried out at temperatures between 315 

and 400
°
C, and pressures between 30 and 100 bar. The hydrogen flow is set to be 3-4 times the 

theoretical required in chemical hydrotreating reaction. The ratio of hydrogen to liquid feed can 

typically be in the range of 70-1000 Nm
3
 hydrogen per m

3
 liquid feed. Contact time between the 

reaction mixture and the catalyst is expressed in terms of the Liquid Hourly Space Velocity 

(LHSV), which is defined as the ratio between the volumetric liquid feed flow, v0, in m
3
/hr 

divided by the volume of the catalyst in m
3
. 

http://www.reactor-resources.com/sulfiding-services/quality-chemicals.html


 
 

 

2.4 Sample Analysis 

 

Table 2.1 - CHARACTERIZATION OF FEED AND  PRODUCT 

Characteristics  Method  Instrument Repeatability  

Sulfur  UV ASTM 6453 ±5%  

SIMTBP  FID ASTM D2887 ±5%  

Nitrogen  chemiluminescence ASTM4629 ±5%  

Aromatics  HPLC ASTM 6591  ±5%  

H₂ Content  NMR WI-AD-47  0.089 

PONA  NMR AD032/NMR06  ±10% 

 

Aromatics are further classified into mono, di and poly aromatics. Additional tests carried out on 

feed and product are density and cetane number. 

All NMR spectra has been recorded in a 500 MHZ(in frequency). NMR spectrometer is under 

optimized condition for quantitative analysis. 
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                                                      CHAPTER THREE 

                                           Results and Discussions 

3.1 OPERATING CONDITIONS 

The main purpose of hydrotreating process is to improve the quality of diesel by removing 

impurities. Diesel consists of impurities which can affect the quality of end product and also it is 

important to meet environmental specification to be marketable. The effectiveness of DHDT 

reactions depends on process parameters. In this experimental work, the sensitivity of 

temperature and pressure are studied towards Sulfur and Aromatics conversion. All other process 

parameters such as LHSV, hydrogen to oil ratio, feed rate and quality are maintained same. 

Following seven sets of experiments were performed by varying temperature and pressure:- 

Table 3.1 Details of Experimental Runs 

CASE 

NO.  

 

Temperature Pressure 

1(base case) T P 

2 T+T  P  

3 T P-P  

4 T P-2*P  

5 T-T  P 

6 T-T  P-P  

7 T+T  P-P  



 
 

 

 

3.2 Effect of operating conditions on removal of impurities 

3.2.1 Sulfur removal  

Effect of process conditions namely temperature of the reactor and pressure of the reactor 

is shown in the figure below. It is observed from the figure that with increase in reactor 

temperature and pressure the concentration of the sulfur in the exit stream decreases. The 

rate of an irreversible HDS reaction increases with increase in temperature because for an 

irreversible reaction rate constant increases with increase in temperature, in turn, 

responsible for smaller concentration of sulfur in the exit stream. 

 

 

 

Figure 3.1:-Experimental data variation of sulfur in product with temperature and pressure 
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3.2.2 Nitrogen removal 

The hydrodenitrogenation (HDN) reaction is considered to be one of the hardest HDT reactions 

owing to the complexity of nitrogen compounds. The rate at which the denitrogenation reaction 

happens depends upon the saturation rate of aromatic rings. The hydrodenitrogenation reaction 

increases the hydrogen consumption and the amount of heat generated. The experimental results 

for HDN reactions showed that the amount of nitrogen decreases with increase in temperature 

and pressure. 

3.2.3 Aromatic conversion 

High aromatic content in diesel decreases the cetane value and also contributes to formation of 

environmentally harmful emissions .Therefore government regulations call for production and 

use of environmental friendly transportation fuels with lower content of sulfur and aromatics. 

It is observed that with increase in operating pressure the conversion of aromatics increases. This 

is because with increase in pressure the solubility of hydrogen in diesel oil increases which in 

turn increases the conversion of aromatics. The conversion of aromatics increases with increase 

in temperature but till certain temperature (360°C) above which it falls sharply. This behavior is 

explained by the approaching of chemical equilibrium by the reversible hydrogenation reactions 

of the aromatics at higher temperature. 

Conversion is defined as the ratio of reacting amount of component to its initial amount. 

 

Figure 3.2:- Experimental data variation of aromatic conversion with temperature and pressure 
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Figure 3.3:- Experimental data variation of mono-aromatics in product with temperature and 

pressure 

It is observed from the graph that with increase in temperature and pressure the amount of mono 

aromatics decreases leading to saturation. 

3.2.4 Hydrogen consumption 

Hydrogen is consumed during saturation of olefins and aromatics, hydrodesulphurization, 

hydrodenitrogenation. Hydrotreating is a process that consumes hydrogen. Therefore hydrogen 

balance is of significant interest for refiners as its availability dictates operation policy of plants. 

Hydrogen consumption depends on the properties of feedstock, operating conditions, catalyst 

and the level of impurities removed. Heavier feedstock requires more hydrogen to reach fixed 

level of up gradation.  

The common approach to calculate hydrogen consumption is by the difference between the 

hydrogen entering the system and hydrogen leaving the system. Chemical hydrogen consumption 

is calculated from hydrogen content in feed and product measured through NMR technique. 

Hydrogen balance is applied to both liquid and gas streams. The application of this method 

requires data of flow rates of the gas streams entering and leaving the reactor, which are 

frequently reported in volumetric basis as well as the gas stream composition 

measured by gas chromatography (GC). Hydrogen is consumed for conversion of sulfur present 
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in diesel to H₂S, nitrogen to NH3 and in the hydrogenation of aromatics. Hydrogen consumption 

is calculated on the basis of feed. 

 

Figure 3.4:- Experimental data variation of Hydrogen consumption with temperature and 

pressure 
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Chapter Four                                                                                                                                                    

Hydrotreating modeling 

 

 

4.1 Parameter estimation 

both identifiable and estimable, the parameters can be estimated without any modifications made 



 
 

 

to the model. However, that is not the case most of the times, and model parameters can be 

unidentifiable, or even identifiable but in-estimatable. 

 

                      Ar-S + H2→aromat +H2S 

 

 



 
 

 

of reaction where as hydrogen sulfide adsorbed on the catalyst inhibits the rate of reaction. The 

objective function for optimization is summation of square of error between experimental and 

predicted values of the concentration of sulfur and aromatics. Kinetic parameters are estimated 

by minimizing the objective function. 

Single objective problem is solved using inbuilt subroutine available in MATLB namely 

GA and SQP. 

Langmuir type rate equation has been considered for desulfurization reaction [22] 

                                                rAr-S = 
𝑘𝐶𝐴𝑟 −𝑆

1.6  𝐶𝐻2
0.56

1+𝑘𝑎𝑑  𝐶𝐻2𝑆

                                                   4.1 

The generalized form of hydrogenation reactions of aromatics can be represented in following    

manner: 

             Polyaromatic + H2 
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Equilibrium constants are defined as following 
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As an example optimization routine was carried out using open literature  

 

                   Figure  4.1 - The formalized kinetic scheme of diesel fuel hydrotreating process 

Table 4.1 - Molar concentration(mol/l) of components in feed and product of experiment 

 Feed(mol/l)                                Temperature 

    340°C                  360°C                        380°C 

S 0.00681 0.000546 0.000548 0.000460 



 
 

 

C1BT 0.001063 0.00058 0.000054 0.000065 

C2BT 0.006313 0.000390 0.0004 0.000474 

C3BT 0.010969 0.000686 0.000695 0.000713 

(C4+C5)BT 0.011688 0.000688 0.000738 0.000585 

DBT 0.00125 0.000094 0.00011 0.000087 

C1DBT 0.002750 0.000220 0.000298 0.000203 

C2DBT 0.0025 0.000243 0.000326 0.000228 

C3DBT 0.000531 0.000148 0.000148 0.000121 

 

Code written in matlab for optimization is coupled with model equations which are first order 

differential equations with respect to sulfur compounds. Upper and lower bounds are given for 

every kinetic parameter to be estimated. In this optimization there are three cases here 

temperature is the operating parameter rest all are kept constant that is pressure and lhsv.  

Three different files are created, one is the optimization routine second one is the .out file where 

user can give inputs such as operating conditions, initial guess of the parameters to be estimated, 

concentration of compounds in feed and length of the reactor.  

Results and conclusion 

 From Literature Estimated (SQP) Estimated (GA) 

S 1.9779 1.9123 1.9149 

C1BT 2.1921 2.0000 2.0001 

C2BT 2.0512 2.0279 2.0262 

C3BT 2.1114 2.0827 2.0717 

(C4+C5)BT 2.2975 2.1100 2.1100 

DBT 1.9534 2.2446 2.0000 

C1DBT 1.9929 2.2147 2.0001 

C2DBT 1.8802 2.2062 2.0000 

C3DBT 1.1226 2.2417 2.0001 



 
 

 

SSE  4.1801 E-07 3.6298 E-07 

Tol fun  1E-19 1E-5 

TolX(kinetic parameter)  1E-22 1E-5 

No. of iterations  18 4 

 

GA is more time consuming as compared to SQP. But GA has an advantage that it does not 

require initial guess of the parameter to be estimated. 

                

                          

 

                           

 

 

 

                         

 

 

 

 

 

 

 

 

 



 
 

 

                                                    

                                            APPENDIX   

                                       MATLAB CODES 
 

function bestk = kpe_examp() 

%one exp ,9 response 

%this will be no.of cases * no. of lumps 

%it will be equal to number of lumps 

% Initial values for the 9 components present in feed 

% Initial guess 

A=[]; 

b=[]'; 

Aeq=[];beq=[]'; 

  

% Set up optimization 

fileID=fopen('scanfcode_input.out','r'); 

formatSpec='%f'; 

Lreact =fscanf(fileID,formatSpec,1) 

nlump  =fscanf(fileID,formatSpec,1) 

cases  =fscanf(fileID,formatSpec,1) 

nvars  =fscanf(fileID,formatSpec,1) 

formatSpec='%f %f %f %f %f  %f %f %f %f'; 

sizelb =[9 1]; 

lb     =fscanf(fileID,formatSpec,sizelb) 

sizeub =[9 1]; 

ub     =fscanf(fileID,formatSpec,sizelb) 

sizek0 =[9 1]; 

k0     =fscanf(fileID,formatSpec,sizek0) 

sizeT  =[3 1]; 

T     =fscanf(fileID,formatSpec,sizeT) 

sizeexpY  =[9 3]; 

expY      =fscanf(fileID,formatSpec,sizeexpY) 

sizez0    =[9 1]; 

z0        =fscanf(fileID,formatSpec,sizez0) 

sizeLSpan    =[2 1]; 



 
 

 

LSpan      =fscanf(fileID,formatSpec,sizeLSpan) 

  

 

fclose(fileID); 

lb=lb' 

ub=ub' 

k0=k0' 

T=T' 

expY=expY' 

z0=z0' 

LSpan=LSpan' 

  

disp('k0=') 

disp(k0)     

disp('expY=') 

disp(expY) 

%x means updating of kinetic parameters 

myObjective = @(x) objFcn(x, Lreact, expY,LSpan,z0,T,cases,nlump); 

options = optimset('Algorithm','SQP','Display','iter'); 

[k,feval]=fmincon(myObjective,k0,A,b,Aeq,beq,lb,ub,@nonlcon,options) 

  

function cost = objFcn(x, Lreact, expY,LSpan,z0,T,cases,nlump) 

for i=1:3 

    Temp=T(i); 

    disp('Temp=') 

    disp(Temp) 

ODE_Sol = ode45(@(L,z)updateStates(L,z,x,Temp), LSpan, z0); 

simY = deval(ODE_Sol, Lreact); 

simY=simY' 

%disp('simY=') 

    % disp(simY) 

 for j=1:nlump 

    %disp('simY(j)=') 

    %disp(simY(j)) 

     simP(i,j)=simY(j); 

    % disp('simY(i,j)=') 

    % disp(simY(i,j)) 



 
 

 

 end 

end 

m=cases; 

%no of rows = no.of cases 

n=nlump; 

%no of coumns = no of lumps 

cost=0; 

for i=1:m 

    for j=1:n 

        cost=cost+(simP(i,j)- expY(i,j))^2; 

    end 

end 

%cost = (simY(1)-expY(1))^2+(simY(2)-expY(2))^2+(simY(3)-expY(3))^2+(simY(4)-

expY(4))^2+(simY(5)-expY(5))^2+(simY(6)-expY(6))^2+(simY(7)-

expY(7))^2+(simY(8)-expY(8))^2+(simY(9)-expY(9))^2; 

  

function [C,Ceq]=nonlcon(x) 

C=[];      %  no nonlinear inequality constraint 

Ceq=[];    %  no nonlinear equality constraint 

 

Function file saved as updatestates.m 

function f = updateStates(L, z, k,Temp) 

%disp('Temp in fun=') 

%disp(Temp) 

 f(1,1) = -k(1)*exp(-2.11/Temp)*z(1); 

 f(2,1) = -k(2)*exp(-11.534/Temp)*z(2); 

 f(3,1) = -k(3)*exp(-6.591/Temp)*z(3); 

 f(4,1) = -k(4)*exp(-9.598/Temp)*z(4); 

 f(5,1) = -k(5)*exp(-27.17/Temp)*z(5); 

 f(6,1) = -k(6)*exp(-15.23/Temp)*z(6); 

 f(7,1) = -k(7)*exp(-17.69/Temp)*z(7); 

 f(8,1) = -k(8)*exp(-32.655/Temp)*z(8); 

 f(9,1) = -k(9)*exp(-46.59/Temp)*z(9); 

 %disp('z(1)=') 

 



 
 

 

 

 

Results 

>> dhdsscancode 

Lreact =    1.3500 

nlump =  9 

cases =3 

nvars = 9 

lb = 

     1 

     2 

     2 

     2 

     2 

     2 

     2 

     2 

     2 

ub = 

  2.0000 

    2.1100 



 
 

 

    2.1100 

    2.1100 

    2.1100 

    2.3300 

    2.3300 

    2.3300 

    2.3300 

k0 = 

  1.9000 

    2.0300 

    2.0300 

    2.0300 

    2.0300 

    2.2500 

    2.2500 

    2.2500 

    2.2500 

T = 

  613 

   633 

   653 



 
 

 

expY = 

   1.0e-03 * 

    0.5460    0.5480    0.4600 

    0.5800    0.0540    0.0650 

    0.3900    0.4000    0.4740 

    0.6860    0.6950    0.7130 

    0.6880    0.7380    0.5850 

    0.0940    0.1100    0.0870 

    0.2200    0.2980    0.2030 

    0.2430    0.3260    0.2280 

    0.1480    0.1480    0.1210 

z0 = 

    0.0068 

    0.0011 

    0.0063 

    0.0110 

    0.0117 

    0.0013 

    0.0027 

    0.0025 

    0.0005 



 
 

 

LSpan = 

         0 

    1.3500 

lb =   1     2     2     2     2     2     2     2     2 

ub = 2.0000    2.1100    2.1100    2.1100    2.1100    2.3300    2.3300    2.3300    2.3300 

k0 = 1.9000    2.0300    2.0300    2.0300    2.0300    2.2500    2.2500    2.2500    2.2500 

T = 613   633   653 

expY =1.0e-03 * 

    0.5460    0.5800    0.3900    0.6860    0.6880    0.0940    0.2200    0.2430    0.1480 

    0.5480    0.0540    0.4000    0.6950    0.7380    0.1100    0.2980    0.3260    0.1480 

    0.4600    0.0650    0.4740    0.7130    0.5850    0.0870    0.2030    0.2280    0.1210 

z0 =  0.0068    0.0011    0.0063    0.0110    0.0117    0.0013    0.0027    0.0025    0.0005 

LSpan = 0    1.3500 

k0=  1.9000    2.0300    2.0300    2.0300    2.0300    2.2500    2.2500    2.2500    2.2500 

expY= 

   1.0e-03 * 

    0.5460    0.5800    0.3900    0.6860    0.6880    0.0940    0.2200    0.2430    0.1480 

    0.5480    0.0540    0.4000    0.6950    0.7380    0.1100    0.2980    0.3260    0.1480 

    0.4600    0.0650    0.4740    0.7130    0.5850    0.0870    0.2030    0.2280    0.1210 

Temp=613 

simY = 1.0e-03 *[0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 



 
 

 

Temp= 633 

simY = 1.0e-03 *[ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =1.0e-03 *[  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp= 613 

simY =1.0e-03 *[  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY = 1.0e-03 *[  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=653 

simY =1.0e-03 *[ 0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp= 613 

simY =  1.0e-03 *[  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=  633 

simY = 1.0e-03 *[  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=653 

simY =  1.0e-03 *[ 0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=613 

simY = 1.0e-03 *[ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY = 1.0e-03 *[  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 



 
 

 

simY =   1.0e-03 *[  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp= 613 

simY =   1.0e-03 *  [  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=   633 

simY =  1.0e-03 * [  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=653 

simY =1.0e-03 * [  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp= 613 

simY =  1.0e-03 *[  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=   633 

simY =   1.0e-03 *  [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=   653 

simY =1.0e-03 *  [  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=613 

simY = 1.0e-03 *  [ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY = 1.0e-03 * [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =  1.0e-03 *[  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=  613 

simY =  1.0e-03 * [  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 



 
 

 

Temp=  633 

simY =  1.0e-03 *   [0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=   653 

simY =  1.0e-03 * [0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=  613 

simY =   1.0e-03 * [  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY =  1.0e-03 * [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY = 1.0e-03 * [ 0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp= 613 

simY = 1.0e-03 * [ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=   633 

simY =   1.0e-03 *   [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=   653 

simY =1.0e-03 *[ 0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

                                                          Norm of First-order 

 Iter F-count            f(x) Feasibility  Steplength        step  optimality 

    0      10    5.026976e-07   0.000e+00                           1.156e-06 

Temp=613 

simY = 1.0e-03 *  [0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 



 
 

 

Temp= 633 

simY =  1.0e-03 *[0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=  653 

simY =  1.0e-03 *  [  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=   613 

simY = 1.0e-03 *    [0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY =  1.0e-03 * [0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY = 1.0e-03 *   [0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=   613 

simY =  1.0e-03 *   [ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=  633 

simY = 1.0e-03 *  [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =1.0e-03 *[  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=  613 

simY =  1.0e-03 *  [0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY =1.0e-03 * [  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 



 
 

 

simY = 1.0e-03 * [ 0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp= 613 

simY = 1.0e-03 * [ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=  633 

simY =  1.0e-03 *  [  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=   653 

simY =1.0e-03 *   [0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=  613 

simY =   1.0e-03 * [  0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY = 1.0e-03 *[  0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =   1.0e-03 *[  0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=   613 

simY = 1.0e-03 * [0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp=633 

simY = 1.0e-03 *  [0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =1.0e-03 * [ 0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=   613 

simY =  1.0e-03 *[ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 



 
 

 

Temp=   633 

simY = 1.0e-03 * [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =  1.0e-03 * [0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=613 

simY = 1.0e-03 *  [ 0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY = 1.0e-03 *  [ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp= 653 

simY =1.0e-03 * [   0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

Temp=  613 

simY = 1.0e-03 *[0.5287    0.0722    0.4195    0.7387    0.8495    0.0646    0.1438    0.1403    0.0318] 

Temp= 633 

simY =1.0e-03 *[ 0.5285    0.0721    0.4192    0.7377    0.8464    0.0644    0.1434    0.1397    0.0316] 

Temp=  653 

simY = 1.0e-03 *    [0.5284    0.0720    0.4188    0.7368    0.8435    0.0643    0.1430    0.1390    0.0314] 

    1      20    5.026961e-07   0.000e+00   1.000e+00   1.197e-06   1.156e-06 

Local minimum possible. Constraints satisfied. 

fmincon stopped because the size of the current step is less than 

the default value of the step size tolerance and constraints are  

satisfied to within the default value of the constraint tolerance. 



 
 

 

<stopping criteria details> 

k =[   1.9000    2.0300    2.0300    2.0300    2.0300    2.2500    2.2500    2.2500    2.2500] 

feval =   5.0270e-07 

with GA results 

k=[1.9149 2.0001 2.0262 2.0717 2.1100 2 2.0001 2 2.0001] 

feval =3.6354e-07 
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