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INTRODUCTION 

o Status of on-lineoptimization 

o Results of a theoretical and numerical evaluation 
of the best way to conduct on-line optimization 

o An optimal procedure for on-line optimization 

o Application to aMonsanto contact process 

o InteractiveWindows program incorporating these
methods 

Mineral Processing Research Institute
web site 

www.leeric.lsu.edu/mpri/ 

www.leeric.lsu.edu/mpri


 
  

    

 

    
     

 
 

 

     

   

On-Line Optimization 
Automatically adjust operating conditions
with the plant’s distributed control system 

Maintains operations at optimal set points 

Requires the solution of three NLP’s
gross errordetection and data reconciliation
parameterestimation
economic optimization 

BENEFITS 

Improves plant profit by 3-5% 

Waste generation and energy use are
reduced 

Increased understanding of plant
operations 



 

 

 
       
       

  
     

  

 

  

 

setpoints plant  for measurements controllers 

Distributed Control System 
sampled 
plant
data 

Gross Error 
optimal Detection 

setpoint  operating and 
targets conditions Data Reconcilation 

reconciled 
plant data 

updated plant Optimization Algorithm parameters Parameter Economic Model Estimation   Plant Model 

economic 
model 
parameters 



  

 
 

 

 

   

Some Companies Using On-Line Optimization 

United States Europe 
Texaco OMVDeutschland 
Amoco DowBenelux 
Conoco Shell 
Lyondel OEMV 
Sunoco Penex 
Phillips Borealis AB 
Marathon DSM-Hydrocarbons 
Chevron 
Pyrotec/KTI
NOVA Chemicals (Canada) 
British Petroleum 

Applications 

mainly crude units in refineries and ethylene plants 



   

   

   
 

  

   

   

Companies Providing On-Line Optimization 

Aspen Technology - RT-OPT 
- DMC Corporation 
- Setpoint 

Simulation Science - ROM 
- Shell - Romeo 

Profimatics - On-Opt 
- Honeywell 

Litwin Process Automation - FACS 

Hyprotech Ltd. 

DOTProducts, Inc. - NOVA 



      

   

  

   

  

  

Statusof Industrial PracticeforOn-LineOptimization 

Steady state detection by time series screening 

Gross error detection by timeseries screening 

Data reconciliation by least squares 

Parameter estimation by least squares 

Economic optimization by standard methods 



    

     

   

   

   

 

 

Key Elements 

Gross Error Detection 

Data Reconciliation 

Parameter Estimation

 Economic Model
 (Profit Function)

 Plant Model
 (Process Simulation) 

Optimization Algorithm 



  

    
 

  

   

   
      

   

  

DATA RECONCILIATION 

Adjust process data to satisfymaterial and
energy balances. 

Measurement error - e 

e = y- x 

y = measured process variables 
x = true values of themeasured variables 

x~ = y + a 

a - measurement adjustment 



  
y2 y3y1 Heat Chemical 

730 kg/hr 718 kg/hr 736 kg/hr Exchanger Reactor 
x1 x2 x3 

Material Balance  x1 = x2 x1 - x2 =  0 

Steady State  x 2 =  x 3 x2 - x3 =  0 
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x2 x1 x3 

0é éù ùx11é
ê
ë

-1 0ùê 
ê 
êë

ú 
ú 
úû

= ê ê 
êë

ú 
ú 
úû

Ax = 00 
0 

xú
û

20 1 1 
x3 



  y1 y2 y3Heat Chemical 
730 kg/hr 718 kg/hr 736 kg/hr Exchanger Reactor 

x1 x2 x3 

y xi i 

730 é ù2
ö
÷÷
ø

3min: æ ê 
ê 
êë

ú 
ú 
úû

i 

-å 718 çç
è

y = 
x si=1 736 

Subject to: é 
ê 
ê 
êë

12 0 0é ùx11é 
ê
ë

ú
û

1 0 
1 
ù- ê 
ê 
êë

ú 
ú 
úû

0 12 0s = 
= 0x2 

ù 
ú 
ú 
úû0 1 - 0 0 12 

x3 



 x 
2

min: n 

= min ( y x)T Q 1- ( y )x 
ö
÷÷

æ
å --

y xi i 

Subject to: Ax = 0 

Analytical solution using LaGrange Multipliers 

T T -1x̂ = y -QA (AQA ) Ay 

x̂ = [728 728 728 ]T 

-

i=1 i øs 
çç
è



 

Nonlinear Process Model 

Min: (y - x)T Q-1(y - x) 

material and energy balances Subject to: f (x) = 0i capacities of process units 
f (x) £ 0 demand for product i 

availability of raw materials 

Requires the solution of a nonlinear programming problem 



    

 

  

  

   

 
 

 

   

      

Gross Error DetectionMethods 

Time series 
screening 

Plant Data Set - 3 

3240 
3260 
3280 
3300 
3320 
3340 
3360 
3380 
3400 
3420 

1 3 5 7 9 11 13 15 17 19 

Plant Data 

Average 

Avg + Stddev 

Avg - Stddev 

Statistical testing 

o manymethods 

o can include data reconciliation 



      

    

  

 

   

   
   

 
              

         
    
        

Combined Gross Error Detection and Data Reconciliation 

Measurement Test Method - least squares 

x)TΣ-1(y  = eTΣ-1eMinimize: (y - - x)
x, z 

Subject to: f(x, z, θ) = 0 
xL  x xU 

zL  z zU 

Test statistic: 
if ei /σi > C measurement contains a gross error 

Least squares is basedon only randomerrors being present 
Gross errors cause numerical difficulties 
Need methods that are not sensitive to gross errors 



    

 

 
      

        
        
    

  

Methods Insensitive to Gross Errors 

Tjao-Biegler’s Contaminated Gaussian
Distribution 

P(yi  xi) = (1-η)P(yi  xi, R) + η P(yi  xi, G) 

P(yi  xi, R) = probability distribution function for the randomerror 
P(yi  xi, G) = probability distribution function for the gross error. 
Gross error occur with probability η 

Gross Error DistributionFunction 

((yy xx))22 

11 22bb 22σσ22PP((yy xx,,GG)) ee 
22ππbbσσ 



    
     

   

   

  
       

     

  

     
     

   

Tjao-Biegler Method 
Maximizing this distribution function of measurement 
errors or minimizing thenegative logarithm subject to the
constraints in plant model, i.e., 

((yyii xxii))
22 ((yyii xxii))

22 
MMiinniimmiizeze::

22 ii
22 22bb 22 22xx lnln ((11 ))ee ee ii lnln 22 iibbii 

Subject to: f(x) = 0 plantmodel 
xL x xU bounds on the process 

variables 

A NLP, and values are needed for and b 

Test for Gross Errors 

If P(yi xi, G)  (1- )P(yi xi, R), gross error 
probabilityof a probabilityof a 
gross error randomerror 

22bb 22yyii xxii lnln bb((11 ))>>ii bb 22 11ii 



 

    
    

 
      

 

 

  

   

    
    

 

Robust FunctionMethods 

MiMinniimimizzee:: -- [[ ρρ((yyii,, xxii)) ]] 
xx  ii 

SSuubbjjeectct ttoo:: ff((xx)) == 00 
xL x xU 

Lorentzian distribution 

11ρρ((εεii)) 11εε2211 ii22 

Fair function 
εεii εεiillogog 11ρρ((εεii,,cc)) cc 22 
cc cc 

c is a tuning parameter 

Test statistic 

εi= (yi - xi )/σi 



 
 

   
     

  
  

   

   
   

  

 

   
     

   
   

Parameter Estimation 
Error-in-VariablesMethod 

Least squares 

xx))TTΣΣ-1-1((yy == eeTTΣΣ-1-1eeMiMinniimimizeze:: ((yy -- -- xx))
θθ 

Subject to: f(x, θ) = 0 
θ - plant parameters 

Simultaneous data reconciliation and parameter 
estimation 

xx))TTΣΣ-1-1((yy == eeTTΣΣ-1-1eeMiMinniimimizeze:: ((yy -- -- xx)) 
xx,, θθ 

Subject to: f(x, θ) = 0 

another nonlinear programming problem 



  

 
    

 

   
  
   

 

   
   

 
 

 
   

ThreeSimilarOptimization Problems 

Optimize: Objective function 
Subject to: Constraints are the plant 

model 

Objective function 

data reconciliation - distribution function 
parameter estimation - least squares 
economic optimization - profit function 

Constraint equations 

material and energy balances
chemical reaction rate equations
thermodynamic equilibrium relations
capacities of process units
demand for product
availability of rawmaterials 



 
 

  

   
   

    
     

  

          

Theoretical Evaluation 
ofAlgorithms

forDataReconciliation 

Determine sensitivity of distribution
functions to gross errors 

Objective function is the product
or sumof distribution functionsfor 
individual measurement errors 

PP == p(p(εε)) lnln p(p(εε)) ρρ((εε)) 



  
    
     

     

 

    
   

    
     

      
     

    
    
    

     
     

Three important concepts
in the theoretical evaluation 

of the robustness and precision 
of an estimator from a distribution function 

Influence Function 

Robustness of an estimator is 
unbiasedness (insensitivity) to the
presence of gross errors in
measurements. The sensitivity of an 
estimator to the presence of gross errors
can bemeasured by the influence 
function of the distribution function. For 
M-estimate, the influence function is 
defined as a function that is proportional
to the derivative of a distribution function 
with respect to the measured variable,
( ρ/ x) 



 

      
      
     

   

 

       
     

         
    

     
     

        
   

Relative Efficiency 

The precision of an estimator from a distribution 
is measured by the relative efficiency of the 
distribution. The estimator is precise if the 
variation (dispersion) of its distribution function 
is small 

Breakdown Point 

The break-down point can be thought of as 
giving the limiting fraction of gross errors that 
can be in a sample of data and a valid 
estimation of the estimator is still obtained 
using this data. For repeated samples, the 
break-down point is the fraction of gross errors 
in the data that can be tolerated and the 
estimator gives a meaningful value. 



 
       

         

 

  

  

(1 η)e
ε2i
2 1

1
b2 η

b3

InfluenceFunction 
proportional to the derivative of the distributionfunction, IF ρ/ x 

represents thesensitivityof reconcileddata to thepresenceofgross errors 

Normal Distribution 
ρi yi xi εiIFMT 

σ2xi i σi 

Contaminated GaussianDistribution 

ε2 1i 1εεii b2 η(1 η)e 2 
ρρii σσii b3 IFIF 

εε22xxii 11ii 11 
bb22 ηη((11 ηη))ee 22 

bbLLoorerennttzziiaannDDiissttriribbuuttiioonn 
ρρii εεiiIFIFLoLorreennttzziiaann 

εε22
22εεii 1111 ii22

FFaaiirr FFuunnccttiioonn 

1 
ρi 1 c 1c2IFFair c εi 1 1εi 1 εi cc 



   

 

  

         

               

Comparison of Influence Functions 

2 

1.5 

1 

0.5 

0 

Effect of Gross Errors on ReconciledData - Least to Most 

Lorentzian Contaminated Gaussian Fair Normal 

IF
 Fair function 

Contaminated distribution 

Lorentzian distribution 

Normal distribution 

0 2 4 6 8 10 12 14 
Error 



 

 
 

 

  
 

  

'

Sulfur

SO2

DRY AIR

E

H C

3

2

1

W
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Numerical Evaluation of Algorithms 
Simulated plant data is constructed by 

y= x + e + a 

y - simulatedmeasurement vectorfor measured variables 

x - true values (plant designdata) formeasured variables 

e - randomerrors added to the true values 

a - magnitude of a grosserror added to one of measured
variables 

- a vector with one in one elementcorresponding to the
measured variable with grosserror and zero in other elements 



   

    
    

   

     
   

   
    

    

 

    
    

     
   

    

Criteria for Numerical Evaluation 

GrGroossss ererrroorr ddeteetecctitioonn rrateate -- ratratioio ofof numnumbbeerr ofof 
grogrossss erroerrorrss tthahatt areare ccoorrrreeccttllyy dedettecectteedd ttoo tthehe 
total number of gross errors in measurements 

NNuumbmbeerr ooff typtypee II ererrroorrss -- IIff aa mmeaeassuureremmeennttss doedoess 
notnot ccoonnttaainin aa grogrossss erroerrorr andand tthhee ttesestt ssttaattiissttiicc 
identifies the measurement as having a gross
error, it is called a type I error 

RRaannddoomm ananddggrroossss ererrroorr rreedduucctitioonn -- tthhee ratratioio ooff 
tthehe remremaaiinniningg erroerrorr inin tthehe rereccononcciileledd dadattaa ttoo tthhee 
error in the measurement 



   

 
 

 

  
  

Comparison of Gross Error Detection Rates
390 Runs for Each Algorithm 

G
ro
ss
er
ro
r
de
te
ct
io
n 
ra
te
 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

MT 

TB10 

TB20 

LD 

3 6 9 12 15 18 21 24 27 30 

Magnitude of standardized gross error 



   

 
  

       
   

Comparison of Numbers of Type I Errors 
390 Runs for Each Algorithm 

N
um
be
ro
f t
yp
e
Ie
rr
or
s 300 

250 

200 

150 

100 

50 

0 

MT TB10 TB20 LD 

3 6 9 12 15 18 21 24 27 30 

Magnitude of standardized gross error 



    

 
 

 

  
    

Comparison of Relative Gross Error Reductions
645 Runs for Each Algorithm 
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Results of Theoretical and Numerical Evaluations 

Tjoa-Biegler’s method has the best performance
for measurements containing random errors 
andmoderate gross errors (3σ-30σ) 

Robust method using Lorentzian distribution is 
more effective for measurements with very 
largegross errors (larger than 30σ) 

Measurement test method gives a more accurate
estimation for measurements containing only 
random errors. It gives significantly biased
estimation whenmeasurements contain gross
errors larger than 10σ 



   

      
    

     
    

   

      
     

   
    

  

    
    

      
   

   

InteractiveOn-LineOptimizationProgram 

1. Conduct combined gross error detection and data 
reconciliation to detect and rectify gross errors in
plant data sampled from distributed control system 
using theTjoa-Biegler's method (the contaminated
Gaussian distribution) or robust method (Lorentzian
distribution). 

Thisstep generates a set ofmeasurementscontaining
onlyrandomerrors forparameterestimation. 

2. Use this set of measurements for simultaneous 
parameter estimation and data reconciliation using
the least squares method. 

Thisstep providesthe updated parameters in the
plantmodel foreconomicoptimization. 

3. Generate optimal set points for the distributed control
system from the economic optimization using the
updated plant and economic models. 



 
   

 

     
  

 
            

                                    
              

                                    
             

 
   
EcEcoonnoommiicc OOppttiimmiizzaattiioonn 

Value Added Profit Function 

sF64F64 + sFS8FS8 + sFS14FS14 - cF50F50 - cFS1FS1 - cF65F65 
On-Line Optimization Results 

Profit 

Date 
Current 
($/day) 

Optimal 
($/day) Improvement 

6-10-97 37,290 38,146 2.3% 
$313,000/yr 

6-12-97 36,988 38,111 3.1% 
$410,000/yr 



 
 

 
 
 

 

 

 
 

  

Optimization 
algorithm 

Combined gross 
error detection and 
data reconciliation 

Plant data 
from DCS 

Plant model 

Plant 
economic 
optimization 

Optimal 
setpoints
to DCS 

Simultaneous data 
reconciliation and 
parameter estimation 



  

 

  

 

 
 

 

 
 

 

 

 

 
 

 

 

 
 
 

 

Plant Steady? 
No 

Wait 
1minute 

Parameter Estimation 

Economic Optimization 

Plant Steady? 

Implement Optimal
Setpoints 

Line-Out Period 
90 minutes 

Selected plant
key measurements 

No 

Selected plant
measurements & 
controller limits 

Plant Model: 
Measurements 
Equality constraints 

Plant Model: 
Equality constraints 

Validated measurements 

Updated parameters 

Plant model 
Economic model 
Controller limits 

Data Validation 



   

       
      

             

       
       

       
    

    

InteractiveOn-LineOptimizationProgram 

Processandeconomicmodels areenteredas 
equations in a formsimilar toFortran 

The programwrites and runs threeGAMS 
programs. 

Results arepresented in a summary form, on a
process flowsheet and in the full GAMSoutput 

The programandusersmanual (120pages) can
be downloaded fromthe LSU Minerals 
ProcessingResearch Institutewebsite 

URLhttp://www.leeric.lsu.edu/mpri/ 



  

 

  

  
  

SomeOther Considerations 
Redundancy 

Observeability 

Varianceestimation 

Closing the loop 

Dynamic data reconciliation
 andparameter estimation 



       
   

    
      

Summary 

Most difficult part of on-lineoptimization is developing and
validating the process and economic models. 

Most valuable information obtained from on-line 
optimization is a more thorough understanding of the 
process 
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                  Table 20 Description and Plant Data for Process Variables of the Refinery 

DDeeffiinniittiionon PlPlaanntt SSttaanndadarrddNaNammee ((FFllowow rraatteess aarree iinn babarrrreellss peperr dadayy)) DaDattaa DDeevviiaattiionon 
MMeeaassurureedd CRUCRUDDEE 
VVaarriiaablbleess 

FGFGAADD 
SRSRGG 
SRSRNN 
SRSRDDSS 
SRSRFFOO 
SRSRNNRRFF 

FGFGRRFF 
RFRFGG 
SRSRDDSSCCCC 

SRSRFFOOCCCC 
FGFGCCCC 
CCGCCG 
CCFCCFOO 
SRSRGGPPGG 

RFRFGGPPGG 
SRSRNNPGPG 
CCGCCGPPGG 
PGPG 
SRSRGGRRGG 

RFRFGGRGRG 
SRSRNNRRGG 
CCGCCGRGRG 
RGRG 
SRSRNNDDFF 

CCFCCFOODDFF 
SRSRDDSSDDFF 
SRSRFFOODDFF 
DFDF 
CCFCCFOOFFOO 

SRSRDDSSFOFO 
SRSRFFOOFOFO 

CCrruudede oioill ffllowow rraattee tto ao attmmososphpheerriicc didissttiillllaattiionon
ccololuummnn ((AADD)) 

FFuueell ggaass ffllowow rraattee ffrromom AADD 
SSttrraaiighghtt rrunun gagassololiinnee ffllowow rraattee ffrromom AADD
SSttrraaiighghtt rrunun nnaaphphtthhaa ffllowow rraattee ffrromom AADD
SSttrraaiighghtt rrunun didissttiillllaattee ffllowow rraattee ffrromom AADD 
SSttrraaiighghtt rrunun ffuueell oioill ffllowow rraattee ffrromom AADD 
SSttrraaiighghtt rrunun nnaaphphtthhaa ffeeeed rd raattee tto ro reefforormmeerr

(R(RFF))
FFuueell ggaass ffllowow rraattee ffrromom tthhee rreefforormmeerr 
RReefforormmeerr gagassololiinnee ffllowow rraattee
SSttrraaiighghtt rrunun didissttiillllaattee ffllowow rraattee tto to thhee ccaattaallyyttiicc

ccrraacckikingng ununiitt ((CCCCUU)) 
SSttrraaiighghtt rrunun ffuueell oioill ffllowow rraattee tto to thhee CCCCUU
FFuueell ggaass ffllowow rraattee ffrromom tthhee CCCCUU 
GGaassololiinnee ffllowow rraattee ffrromom CCCCUU 
FFuueell oioill ffllowow rraattee ffrromom CCCCUU 
SSttrraaiighghtt rrunun gagassololiinnee ffllowow rraattee fforor pprreemmiiumum

gagassololiinnee ((PGPG)) blbleenndidinngg
RReefforormmeerr gagassololiinnee ffllowow rraattee fforor PGPG blbleenndidinngg 
SSttrraaiighghtt rrunun nnaaphphtthhaa ffllowow rraattee fforor PGPG blbleenndidinngg
CCCCUU ggaassololiinnee ffllowow rraattee fforor PGPG blbleenndidingng 
PPrreemmiiumum ggaassololiinnee ffllowow rraattee
SSttrraaiighghtt rrunun gagassololiinnee ffllowow rraattee fforor rreeggululaarr

gagassololiinnee ((RGRG)) blbleenndidingng 
RReefforormmeerr gagassololiinnee ffllowow rraattee fforor RGRG blbleenndidinngg 
SSttrraaiighghtt rrunun nnaaphphtthhaa ffllowow rraattee fforor RGRG blbleenndidinngg
CCCCUU ggaassololiinnee ffllowow rraattee fforor RGRG blbleenndidinngg
RReegugullaarr gagassololiinnee ffllowow rraattee 
SSttrraaiighghtt rrunun nnaaphphtthhaa ffllowow rraattee fforor didieesseell ffuueell 

((DDFF)) blbleenndidinngg
CCCCUU ffueuell oioill ffllowow rraattee fforor DDFF blbleenndidingng
SSttrraaiighghtt rrunun didissttiillllaattee ffllowow rraattee fforor DDFF blbleenndidinngg 
SSttrraaiighghtt rrunun ffuueell oioill ffllowow rraattee fforor DDFF blbleenndidinngg
NNo. 2o. 2 didieesseell ffuueell ffllowow rraattee 
CCCCUU ffueuell oioill ffllowow rraattee fforor ffuueell oioill ((FOFO)) 

blbleenndidinngg
SSttrraaiighghtt rrunun didissttiillllaattee ffllowow rraattee fforor FOFO blbleenndidinngg 
SSttrraaiighghtt rrunun ffuueell oioill ffllowow rraattee fforor FOFO blbleenndidinngg 

999689686.76.7 

33553553606606 
227127125.25.2 
223263266.36.3 
88636636.35.35 
336836838.68.6 
223603606.66.6 

33796796351351 
221821826.66.6 
00.004.004 

229729727.37.3 
11.221.2212E2E+7+7 
220500503.33.3 
66567567.9.9 
117397394.84.8 

221831835.15.1 
112.992.99 
77935935.7.7 
447267263.83.8 
110040044.64.6 

111.531.5322 
77.100.100 
112722721.81.8 
222352357.37.3 
99.994.994 

33270270.1.1 
88613613.5.5 
5525.325.344 
112582582.82.8 
33382382.5.5 

222.132.13 
66628628.2.2 

101000.000.0 

3535420420.0.0 
27270.00.0 
23237.07.0 
8787.0.0 
37372.02.0 
23237.07.0 

3737612612.0.0
 21219.99.9 
1010.0.0 

30300.00.0 
11115925920.00.0 
20206.46.4 
6666.0.0 
17170.70.7 

21219.99.9 
1010.0.0 
8080.5.5 
47471.11.1 
9999.3.3 

1010.0.0 
1010.0.0 
12125.95.9 
22225.25.2 
1010.0.0 

3232.7.7 
8787.0.0 
5.35.3 
12125.05.0 
3333.3.3 

1010.0.0 
6666.7.7 

UUnnmmeeaassurureedd FO No. 6 fuel oil flow rate 
VVaarriiaablbleess 



 
                  

 

 

Table 21  Capacities, Operating Costs and Volumetric Yields 
for the Refinery Process Units 

Capacity Operating Mass Yield of Volumetric Yield Unit Input Output (bbl/day) Cost ($/bbl) Output Stream of Output Stream 

Crude oil 
Atmospheric 
Distillation 

100,000 1.00 CRUDE FGAD 
SRG 
SRN 

0.029 
0.236 
0.223 

35.42 
0.270 
0.237 

Column SRDS 0.087 0.087 
SRFO 0.426 0.372 

Catalytic 
Reformer 

25,000 2.50 SRNRF FGRF 
RFG 

0.138 
0.862 

158.7 
0.928 

Catalytic 
Cracking 
Unit 

30,000 2.20 SRDSCC FGCC 
CCG 
CCFO 

0.273 
0.536 
0.191 

336.9 
0.619 
0.189 

SRFOCC FGCC 0.277 386.4 
CCG 0.527 0.688 



 

 

Table 22 Names and Definition of Parameters for the Refinery 

Units of 
Parameters 

Names of 
Parameters 

Initial 
Values 

Definitions of parameters 
Volumetric yields (BBL output/BBL input) 

Crude Oil VFGAD 35.42 BBLs of fuel gas per BBL crude 
Atmospheric VSRG 0.27 BBLs of straight-run gasoline per BBL crude 
Distillation VSRN 0.237 BBLs of straight-run naphtha per BBL crude 
Column VSRDS 0.087 BBLs of straight-run distillate per BBL crude 

VSRFO 0.372 BBLs of Straight-run fuel oil per BBL crude 

Catalytic VSRNFGRF 158.7 BBLs of reformer fuel gas per BBL of straight-run 
Reformer naphtha 

VSRNRFG 0.928 BBLs reformer gasoline per BBL straight-run naphtha 

Catalytic 
Cracking 

VSRDSFGCC 
VSRDSCCG 

336.9 
0.619 

BBLs of fuel gas per BBL straight-run distillate 
BBLs of gasoline from CC per BBL straight-run 

distillate 
VSRDSCCFO 0.189 BBLs of fuel oil per BBL of straight-run distillate 
VSRFOFGCC 386.4 BBLs of fuel gas per BBL straight-run fuel oil 
VSRFOCCG 0.688 BBLs of gasoline from CC per BBL of straight-run fuel 

oil 
VSRFOCCFO 0.220 BBLs of fuel oil per BBL straight-run fuel oil 



 
    

Table 23 Quality Specifications and Physical Properties for Products 
and Intermediate Streams for the Refinery 

Stream 

Premium 
Gasoline

Regular 
Gasoline

Diesel Fuel 

Fuel Oil 

SRG 

RFG 

SRN 

CCG 

CCFO 

SRDS 

SRFO 

Motor Octane Vapor pressure Density Sulfur Content 
Number (mmHg) (lb/bbl) (lb/bbl) 

93.0  12.7 - -

87.0  12.7 - -

- - 306.0  0.5 

- - 352.0  3.0 

78.5 18.4 - -

104.0 2.57 - -

65.0 6.54 272.0 0.283 

93.7 6.90 - -

- - 294.4 0.353 

- - 292.0 0.526 

- - 295.0 0.980 



  

 

Table 24 Crude Oil Cost and Product Sales Prices for the Refinery 

Gulf Cost Crude 
Premium Gasoline 
Regular Gasoline 
No.2 Diesel Fuel 
No.6 Fuel Oil 
Fuel Gas 

Prices 

$32.00/bbl
$45.36/bbl 
$43.68/bbl Names 
$40.32/bbl 
$13.14/bbl 
$0.01965/bbl 



 

 
       
    
              

 
 
 

             
 

 
  
  

              
  

 
 
  

             
 

 
  
 

     
             

 
 
 
 
 
 

               
  

 
 

                

 
 
 

 
 
 
 
 
 
 
 

 

 
       
    
              

 
 
 

             
 

 
  
  

              
  

 
 
  

             
 

 
  
 

     
             

 
 
 
 
 
 

               
  

 
 

                

 
 
 

 
 
 
 
 
 
 
 

Table 25 Refinery Objective Function and Constraint Equations 

CRCRUUDDEE 
AtAtmmoosspphheerriicc DDiissttiillllaattiioonn 
FGFGAADD SRSRGG SRSRNN SRSRDDSS SRSRFOFO SRSRNNRRFF 

ReReffoorrmmeerr 
FGFGRRFF RFRFGG 

ObObjjeeccttiivvee FFuunnccttiioonn 
CCrruuddee AAvvaaiillaabbiilliittyy 
PPrroodduuccttss 

-3-333..00 
11.0.0 

.0.011996655 -2-2..5500 .0.011996655 

PPrreemmiiuumm GGaassoolliinnee
 MMiinn.. PGPG PPrroodd.. 
PGPG BBlleennddiinngg
PGPG OOccttaannee RRaattiinngg 

RReegguullaarr GGaassoolliinnee
 MMiinn.. RGRG PPrroodd.. 
RGRG BBlleennddiinngg 
RGRG OOccttaannee RRaattiinngg 
RGRG VVaappoorr PPrreessss..

DDiieesseell FFuueell
 MMiinn.. DDFFPPrroodd..
 DDFF BBlleennddiinngg
 DDFF DDeennssiittyy SSppeecc..
 DDFF SSuullffuurr SSppeecc.. 

FFuueell OOiill
 MMiinn.. FOFO PPrroodd.. 
FOFO BBlleennddiinngg 
FOFO DDeennssiittyy SSppeecc.. 
FOFO SSuullffuurr SSppeecc..

PPrroocceessss UUnniittss 
AAttmm.. DDiissttiillllaattiioonn

 AADD CCaappaacciittyy
FGFGAADD YYiieelldd 

1.1.00 
35.35.4242 -1-1..00 

SRSRGG YYiieelldd 0.0.270270 -1-1..00 
SRSRNN YYiieelldd 0.0.237237 -1-1..00 
SRSRDDSS YYiieelldd 0.0.087087 -1-1..00 
SRSRFFOO YYiieelldd 0.0.372372 -1-1..00 

RReeffoorrmmeerr
 RRFF CCaappaacciittyy
FGFGRRFF YYiieelldd 

1.1.00 
158158..77 -1-1..00 

RFRFGG YYiieelldd 0.0.928928 -1-1..00 
CCaattaallyyttiicc CCrraacckkeerr

 CCCC CCaappaacciittyy 
FGFGCCCC YYiieelldd 
CCGCCG YYiieelldd 
CCCCFFOO YYiieelldd 

StSt rreeaamm SpSplliittss 
SRSRGG 1.1.00 
SRSRNN 1.1.00 -1-1..00 
SRSRDDSS 1.1.00 
SRSRFFOO 1.1.00 
RFRFGG 1.1.00 
CCGCCG 
CCCCFFOO 



   

 
 

       
 

 

 
 

     
 

 
  
  

      
  

 
 
  

    
 

 
  
 

 
      

 
 
 
 
 

      

 
 

      

 
 
 

 
 
 
 
 
 
 
 

   

 
 

       
 

 

 
 

     
 

 
  
  

      
  

 
 
  

    
 

 
  
 

 
      

 
 
 
 
 

      

 
 

      

 
 
 

 
 
 
 
 
 
 
 

 - -

Table 25 Refinery Objective Function and Constraint Equations (continued) 

ObObjjeeccttiivvee FFuunnccttiioonn 
CrCruuddeeAAvvaaiillaabbiilliittyy
PrProodduuccttss 

PPrreemmiiuumm GGaassoolliinnee
 MMiinn..PGPGPPrroodd..
PGPG BBlleennddiinngg
11.0.0 

PGPG OOccttaannee RRaattiinngg 
PGPG VVaappoorr PPrreessss.. 

RReegguullaarr GGaassoolliinnee
 MMiinn..RGRG PPrroodd.. 
RGRG BBlleennddiinngg
RGRG OOccttaanneeRRaattiinngg 
RGRG VVaappoorr PPrreessss.. 

DDiieesseell FFuueell
 MMiinn..DDFFPPrroodd..
 DDFF BBlleennddiinngg
 DDFF DDeennssiittyy SSppeecc..
 DDFF SSuullffuurr SSppeecc..

 FFuueell OOiill
 MMiinn..FOFOPPrroodd.. 
FOFO BBlleennddiinngg
FOFO DDeennssiittyy SSppeecc.. 
FOFO SSuullffuurr SSppeecc.. 

PrProocceessss UUnniittss 
AAttmm.. DDiissttiillllaattiioonn

 AADD CCaappaacciittyy 
FGFGAADD YYiieelldd 
SRSRGG YYiieelldd 
SRSRNN YYiieelldd 
SRSRDDSS YYiieelldd 
SRSRFFOO YYiieelldd 

RReeffoorrmmeerr
 RRFF CCaappaacciittyy 
FGFGRRFF YYiieelldd 
RFRFGG YYiieelldd 

CCaattaallyyttiicc CCrraacckkeerr
 CCCC CCaappaacciittyy
FGFGCCCC YYiieelldd 
CCGCCG YYiieelldd 
CCCCFFOO YYiieelldd 

StStrreeaamm SpSplliittss 
SRSRGG 
SRSRNN 
SRSRDDSS 
SRSRFFOO 
RFRFGG 
CCGCCG 
CCCCFFOO 

CaCattaallyyttiicc CCrraacckkeerr PrPreemmiiuumm GGaassoolliinnee BBlleennddiinngg
SRSRDDSCSCCC SRSRFFOOCCCC FGFGCCCC CCGCCG CCFCCFOO SRSRGGPPGG RFRFGGPPGG SRSRNNPPGG CCGCCGPPGG PGPG 
-2-2..2200 -2-2..2200 -.-.0011996655  4455.3.366 

11..00 
11..00  11.0.0 1.1.00  11..00 

78.78.55 104.104.00 65.65.00 93.93.77 -9-933..00 
18.18.44  22..5577 6.6.5454 6.6.9090 -1-122..77

 11.0.0  11..00 
336336..99 38386.6.44 -1-1..00 
0.0.619619 0.0.688688 -1-1..00 
0.0.189189 0.0.220220 -1-1..00 

-1-1..00 
-1-1..00 

-1-1..00 
-1-1..00 

-1-1..00 
1.1.00 -1-1..00 

1.1.00 
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Table 25 Refinery Objective Function and Constraint Equations (continued) 

SRGRG 
Regular Gasoline Blending 
RFGRG SRNRG CCGRG RG SRNDF CCFODF 

Diesel Fuel Blending 
SRDSDF SRFODF DF 

Fuel Oil BLending 
CCFOFO SRDSFO SRFOFO FO 

43.68 40.32 13.14  Maximum OBJ 
< 110,00 CRDAVAIL 

> 10,000 PGMIN
 0 PGBLEND 

> 0 PGOCTANE 
< 0 PGVAPP

 1.0 > 10,000 RGMIN
 1.0  1.0  1.0 1.0 1.0  0 RGBLEND 
78.5 104.0 65.0 93.7 87.0 > 0 RGOCTANE 
18.4  2.57 6.54 6.90 12.7 < 0 RGVAPP

 1.0 > 10,000 DFMIN
 1.0  1.0  1.0  1.0 1.0  0 DFBLEND 
272.0 294.4 292.0 295.0 306.0 < 0 DFDENS 
0.283 0.353 0.526 0.980 0.50 < 0 DFSULFUR 

1.0 > 10,000 FOMIN
 1.0  1.0  1.0 1.0  0 FOBLEND 
294.4 292.0 295.0 352.0 < 0 FODENS 
0.353 0.526 0.980 3.0 < 0 FOSULFUR 

> 100,000 ADCAP
 0 ADFGYLD
 0 ADSRGYLD
 0 ADNYLD
 0 ADDSYLD
 0 ADFOYLD 

< 25,000 RFCAP
 0 RFFGYLD
 0 RFRFGYLD 

< 30,000 CCCAP
 0 CCFGYLD
 0 CCGYLD
 0 CCFOYLD 

1.0  0 SRGSPLIT 
1.0 1.0  0 SRNSPLIT 

1.0 1.0  0 SRDSSPLIT 
1.0 1.0  0 SRFOPLIT 

1.0  0 RFGSPLIT 
1.0  0 CCGSPLIT 

1.0 1.0  0 CCFOSPLT 



 
   

 
 

       
 

          
 

      
      
      

   

       
        

       
 

 

Table 26 Quantity and Quality Constraints of the Refinery Products
 Premium Gasoline 

SRGPG RFGPG SRNPG CCGPG 
Min. P.G. Production
PG Blending
PG Octane Rating
PG Vapor Pressure
Regular Gasoline 

Min R.G. Production
RG Blending
RG Octane Rating
RG Vapor Pressure
Diesel Fuel 

Min D.F. Production
DF Blending
DF Density Spec.
DF Sulfur Spec.
Fuel Oil 

Min. FO Production 
FO Blending
FO Density Spec.
FO Sulfur Spec.

    1.0      1.0     1.0      1.0
    78.5  104.0   65.0    93.7 
   18.4    2.57   6.54    6.90 

SRGRG RFGRG SRNRG CCGRG 

   1.0  1.0    1.0    1.0
   78.5   104.0   65.0    93.7
  18.4    2.57   6.54    6.90

SRNDF CCFODF SRDSDF SRFODF 

    1.0     1.0
    272.0     294.4
    0.283     0.353

CCFOFO SRDSFO 

     1.0  1.0 
     294.4 292.0 
     0.353 0.526 

     1.0     1.0 
     292.0     295.0 
     0.526     0.980 

SRFOFO 

1.0 
295.0 
0.980 

PG 
1.0 

 -1.0 
-93.0 
-12.7 

RG 
   1.0 
  -1.0 
 -87.0 
 -12.7 

DF 
1.0 
-1.0 

-306.0  
-0.50 

FO 
1.0 
-1.0 
-352.0 
-3.0 

RHS 
>10,000 
= 0 
> 0 
< 0 

RHS 
> 10,000 
= 0 
> 0 
< 0 

RHS 
>10,000 
= 0 
< 0 
< 0 

RHS 
> 10,000 

= 0 
< 0 
< 0 



                        
 

  

 
 
 
 
 

 

 
 

                        

 
 
 

   Table 27 Process Unit Material Balances Using Volumetric Yields 
Crude Oil Atmospheric Distillation Column: 

CRUDE FGAD SRG SRN SRDS SRFO RHS 
AD Capacity 1.0 < 100,000 
FGAD Yield 35.42 -1.0 = 0 
SRG Yield 0.270 -1.0 = 0 
SRN Yield 0.237 -1.0 = 0 
SRDS Yield 0.087 -1.0 = 0 
SRFO Yield 0.372 -1.0 = 0 
Catalytic Reformer: 

SRNRF FGRF RFG RHS 
RF Capacity 1.0 < 25,000 
FGRF Yield 158.7 -1.0 = 0 
RFG Yield 0.928 -1.0 = 0 
Catalytic Cracking Unit: 

SRDSCC SRFOCC FGCC CCG CCFO RHS 
CC Capacity 1.0 1.0 < 30,000 
FGCC Yield 336.9 386.4 -1.0 = 0 
CCG Yield 0.619 0.688 -1.0 = 0 
CCFO Yield 0.189 0.220 -1.0 = 0 
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   Figure 33 Excel Spreadsheet of Simulated Plant Data for the Simple Refinery 



      

  

  

  

      

 

 

  

  

      

 

 

  

  

 

  

  
 

      

 

  

  

   

Chart 1 - Plant Data - ccfo 
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Chart 2 - Plant Data - ccfodf 
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Chart 3 - Plant Data - ccfofo 
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Chart 4 - Plant Data - ccg 
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6567.914 
3270.056 
3382.46 
20503.3 
7935.679 
12721.76 
99686.66 
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21835.08 
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22357.34 
8636.35 
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8613.47 
22.133 
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 Figure 37 The Screen to Enters the Excel Sheet Name 
and Range 



 

Data from Contact Process DCS 

Plant Data 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
F06 1.72 1.74 1.72 1.72 1.72 1.68 1.68 1.72 1.74 1.76 1.66 1.76 1.72 1.74 
f50 0.245 0.245 0.248 0.245 0.248 0.245 0.24 0.245 0.249 0.245 0.245 0.245 0.25 0.245 
fsbfw 1.93 1.93 1.965 1.93 1.93 1.93 1.965 1.89 1.93 1.958 1.93 1.93 1.93 1.93 
O2percent 6 6.03 6.01 6 5.9 6 6.01 6.06 5.7 5.9 6.1 5.97 6 6.07 
Pshp1 614.7 610 614.7 614.7 614.7 612 614.7 614.7 610 614.7 614.7 608 614.7 614.7 
Pshp2 614.7 610 614.7 614.7 614.7 608 614.7 614.7 610 614.7 614.7 608 614.7 614.7 
Pss2 709.7 708.8 709.7 709.7 709.7 709.7 709.7 709.7 709.7 709.7 709.7 709.7 712 709.7 
SO2ppm 349 355 359 355 355 357 360 355 355 360 355 355 351 355 
T06 359.67 359.67 361.89 362.44 362.44 362.44 360.78 359.67 360.22 359.00 359.67 360.22 362.44 363.00 
T07 1321.5 1323.2 1321.5 1321.5 1324.2 1319.4 1321.5 1318.9 1321.5 1321.5 1320 1321.5 1321.5 1321.5 
T09 646.5 646.2 646.5 646.5 646.5 645.8 646.5 646.5 646.8 646.5 645.5 646.5 646.5 646.5 
T10 708 708.5 708 708.3 708 707.6 708 708 708.1 708 708 707.9 708 708 
T11 893.56 894.11 893.56 893.00 892.44 893.56 894.11 894.67 893.56 893.00 892.44 893.00 893.56 893.56 
T12 689.3 689.3 689.1 689.3 689.3 690.1 689.3 689.3 689 689.3 689.5 689.3 689.2 689.3 
T13 785.7 785.9 785.9 785.8 785.9 786.1 785.9 785.9 786.3 785.9 786 785.9 785.9 785.6 
T15 501.5 501.2 501.5 501.5 501.6 501.5 501.4 502 501.5 501.5 501.1 501.5 501 501.5 
T16 349.8 349.8 349.5 349.7 349.8 349.8 349.9 350 349.8 349.8 349.6 349.8 350 349.8 
T19 549.3 549.1 549.3 549.3 549.6 549.3 549.2 549.3 549.4 549.3 549.3 549.6 549.3 549.3 
T20 690.9 691 690.9 691.1 690.9 690.8 690.9 690.8 690.7 690.6 690.9 691 690.9 690.9 
T21 737 737.2 737 737.3 737 736.9 737 737.1 737 737 737.2 737 737.1 737 
T22 683.5 683.5 683.3 683.5 683.5 683.6 683.5 683.5 683.6 683.6 683.5 683.5 683.4 683.5 
T23 692.6 692.6 692.7 692.6 692.5 692.6 692.6 692.4 692.6 692.6 692.7 692.6 692.7 692.6 
T235 673.2 673.2 673.3 673.2 673.1 673.2 673.2 673.3 673.2 673.4 673.2 673.3 673.2 673.2 
T24 504.8 504.6 504.8 504.8 504.7 504.8 504.8 504.9 504.8 504.7 504.8 504.8 504.8 504.8 
T25 350.4 350.6 350.4 350.4 350.2 350.4 350.4 350.5 350.4 350.5 350.4 350.4 350.6 350.4 
TSBFW 225 225 225.1 225 225.2 225 224.9 225 225 225.1 225.2 225 225 225 
TSHP1 665 664.8 665 665.2 665 665 664.9 665 665.1 665 665.1 665 665 665 
TSHP2 650 650.2 650 649.7 650 650.2 650 650.1 650 649.8 650 650.3 650 650 
TSW1 340 339.6 340 340 340.4 340 340.1 340 339.9 340 340 340.6 340 340 



      

  

  

  

      

 

 

  

  

      

 

 

  

  

   
  

  

 

      

 

  

  

   

Chart 1 - Plant Data - F06 

0.8 
1.1 
1.4 
1.7 
2 

2.3 
2.6 

1 3 5 7 9 11 13 15 17 19 

Time 

P
la
n
t 
D
at
a

Plant Data 

Average 

Avg + Stddev 

Avg - Stddev 

Chart 2 - Plant Data - O2percent 

4.2 
4.8 
5.4 
6 

6.6 
7.2 
7.8 

1 3 5 7 9 11 13 15 17 19 

Time 

P
la
n
t 
D
at
a Plant Data 

Average 

Avg + Stddev 

Avg - Stddev 

Chart 3 - Plant Data - T06 

325 
335 
345 
355 
365 
375 
385 
395 

1 3 5 7 9 11 13 15 17 19 
Time 

P
la
n
t 
D
at
a 

Plant Data 

Average 

Avg + Stddev 

Avg - Stddev 

Choose 
Chart 2 Chart 1 

Chart 3 Chart 4 

Plot Graph 
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7940.337 
12711.45 
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DATA RECONCILIATION 

measurements having only random errors - least squares 

eeTTΣΣ-1-1ee xx))TTQQ-1-1(y(yMMiinniimmiizeze:: == (y(y -- -- xx)) 
xx 

Subject to: f(x) = 0 

Σ = variance matrix = {σ2ij}. 

σi =standard deviation of ei. 

f(x) - process model 
- linear or nonlinear 



   

    

  

   

 

   
   

 

  

  

   

   
   

DATA RECONCILIATION 

Linear Constraint Equations - material balances only 

ff((xx)) == AxAx ==  00 

~~ anaanallyyttiiccalal ssoollututiioonn -- xx == yy -- ΣΣAATT((AAΣΣAATT))-1-1AyAy 

Nonlinear Constraint Equations 

ff((xx)) incincluluddeess mmatateeririalal andand eneneergrgyy babalalanncceess,, cchhememicicalal
reareaccttioionn ratratee equequaattiiononss,, tthheermrmooddyynnaammicic rerelalattioionnss 

nonlinear programming problem 

GAMS and a solver, e.g.MINOS 
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