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Challengdor the Process engineer




WHY OPTIMIZE?

1. Improved yields, reduced pollutants

2. Reduced energy consumption

3. Higher processing rates

4. Reduced maintenance, fewer shutdowns

5. Better understanding of process (simulation)

But there are always positive and negative factors to be
weighed
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Hierarchy of Levels of Optimization



FIGURE 5

IS PROCESS OPTIMIZATION SIGNIFICANT?

Raw Materials Top 400 U.S. Oil Products
—

-
$136,000,000,000 | 8nd Gas Companies | ¢,40 050 000.000

Value-Added = $274,000,000,000
After-Tax Profit = $9,300,000,000~

Shell Rule:  Optimization Worth $8,200,000,000 to
3 to 5% of Value-Added ~ $13,700,000,000
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Figure 2

Determination of optimum economic pipe diameter



Total cost curve

Cost ($/year) | Minimum
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FIGURE El.1

The effect of insulation thickness on total cost (x* = optimum
thickness). Insulation can be purchased in 0.5-in. increments. (The total
cost function is shown as a smooth curve for convenience, although the
sum of the two costs would not actually be smooth.)



» Typical Chemical engineering problem has
infinite solution and for economic optimisation
trade off occurs between Capital and operating
cost

» An optimal solution 1s a set of values of the
variables that are contained in the feasible
region and also provide the best value of the
objective function in category 1.

» For a meaningful optimisation problem the
model needs to be underdetermined.



Example

A Plantdesign (sizing and layout

A Operation(best steadystate operating
condition).

AParametelSA U A Yl UA2Y O6Y2RS
Allocation of resources

A Choiceof controller parameters (e.g. gains,
time constants) taninimisea given
performance index (e.g. overshoot, settling
time, integral of error squared).



Optimization

A Typical engineering problem: You have a
process that can be represented by a
mathematical model. You also have a
performance criterion such as minimum cost.
The goal obptimizationis to find the values
of the variables in the process that yield the
best value of the performance criterion.



Optimization

Every optimization problem contains three

essential categories:
— At least one objective function to be optimized
— Equality constraints
— Inequality constraints
Minimize : f(X) objective function
Subject to: h(x)=0 | equaliﬁty constra%nts
g(x)>0 1nequality constraints
where xeR”, 1s a vector of n vanables (x,,x,, --,x,)
h(x) 1s a vector of equalities of dimension m

1

g(x) 1s a vector of mequalities of dimension m,



Properties

f(x)
A single variable or
multivariable

A linearor nonlinear

A sum of squares

A quadratic

A smooth or norsmooth
A sparsity

h(x) and g(x)

A simplebounds

A smooth ornon-smooth
A sparsity

A linear or nonlinear

A no constraints



Properties

Variable x Example of f(x)

A time variant or invariant A maximumprofit
A continuousor discrete A minimum cost
A takeonly integervalues A minimumeffort
A mixed A minimum error

A minimumwaste
A maximum throughput
A best productquality
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Total profit for different fuel costs.



Steps Used To Sol@ptimization

Problems

1. Analyze the process itself so that the process
variablesand specific characteristics of
interest are defined, i.emakea list of all of
the variables

S
a

. Determinethe criterion for optimization and

necifythe objective function in terms of the
pove variablesogetherwith coefficients.

T

nisS step provides theerformancemodel

(sometimes called the econommeodelwhen
appropriate).



Steps Used To Sol@ptimization
Problems

3. Develop via mathematical expressions a valic
process oequipment model that relates the
iInput-output variables othe process and
associated coefficients. Include batiquality
and inequality constraints. Useell-known
physicalprinciples (mass balances, energy
balances)empiricalrelations, implicit
concepts, and externaestrictions ldentify
the independent and dependemariables
(number of degrees of freedom).



Steps Used To Sol@ptimization
Problems

3. Develop via mathematical expressions a valic
process oequipment model that relates the
iInput-output variables othe process and
associated coefficients. Include batiquality
and inequality constraints. Useell-known
physicalprinciples (mass balances, energy
balances)empiricalrelations, implicit
concepts, and externaestrictions ldentify
the independent and dependemariables
(number of degrees of freedom).



Steps Used To Solve Optimizatior
Problems

4. If the problem formulation is too large In
scope
A. Breakit up into manageable parts anaol/
B. Simplifythe objectivefunction

5. Applya suitable optimization technique to
the mathematicalstatement of the problem

6. Checlkkhe answers and examine the
sensitivity ofthe resultto changes in the
coefficients In the problenand the
assumptions.



Obstacles an®ifficulties

A Objectivefunction and/or the constraint functions
may have finite discontinuities in the continuous
parameter values

A Obijectivefunction and/or the constraint functions
may be noHdinear functions of the variables

A Objectivefunction and/or the constraint functions
may be defined in terms of complicated interactions
of the variables. This may prevent calculation of
unique values of the variables at the optimum.



Obstacles an®ifficulties

A Objectivefunction and/or the constraint functions
YI & SEKADOG A behatiSrfonsdnie radgesof |
variables or exponentiddehaviorfor other ranges.
This causes the problem to be insensitive, or too
sensitive

A Theproblem may exhibit many local optima whereas
the global optimum Is sought. A solution may be
obtained that Is less satisfactory than another
solution elsewhere

A Absenceof a feasible region
A Modelreality differences.
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A crude oil refinery produces 4 different products namely, gasoline, kerosene, fuel oil and residual
from two different grades of crude oils. The yield of each product from each crude, corresponding
prices of the products and the crude oils and maximum allowable production limit of each product
are given in the following Table:

Volume % Yield Maximum Price
allowable $/bbl

Crude Crude production

] 2 bbl/day _
Crude Oil 1 24.0
Crude Oil 2 15.0
Gasoline 80 44 24,000 36.0
Kerosene 5 10 2,000 24.0
Fuel Oil 10 36 6,000 21.0
Residnal 5 10 100

Processing Cost:
Crude oil 1 =8 0.50 / bbl Crude Oil 2 =$1.0/ bbl



il * Gasoline: x3 bbl/day

Crude Oil 1:x1 bbl/day

[~ Kerosene: x4 bbl/day

t— Fuel Oil: x5 bbl/day

OR —
Crude Oil 2: x2 bbl/day

« » Residual: x6 bbl/day
Let the variables be:
x1 = bbl/day of crude oil 1 x2 = bbl/day of crude oil 2
x3 = bbl/day of gasoline x4 = bbl/day of kerosene

x5 = bbl/day of fuel oil x6 = bbl/day of residual



Constraints:
Equality constraints: (assume you are operating at the maximum allowable limits)

Gasoline: 0.80 x1 +0.44 x2 = x3 = 24000
Kerosene: 0.05x1 +0.10x2=x4=2,000
Fuel Oil: 0.10 x1 +0.36 x2 = x5 = 6,000
Residual: 0.05 x1 +0.10 x2 = x6 = (no values given)

Pbiactive Function: |
Profit = income - raw material cost - processing cost ($/day)

Income =36.x3 + 24.x4 + 21.x5 + 10.x6 ($/day)

Raw Material Cost =24.x1 + 15.x2 (S/day)

Processing Cost =0.5x1 +x2 ($/day)



=36.x3 +24.x4 +21.x5 + 10.x6

=36(0.80 x1 + 0.44 x2) + 24(0.05 x1 + 0.10 x2)
+21(0.10x1 +0.36 x2) + 10(0.05 x1 + 0.10 x2)

=326x]1+268x2

=(32.6 x1 + 26.8 x2) - (24.x1 + 15.x2) - (0.5 x1 + x2)
=38.1x1+10.8x2 =f{x)

The value of profit function, -

f=81x1+108x2:



0.80 x1 +0.44 x2 = x3 = 24000
0.05x1+0.10x2=x4=2,000

Solution is : x1 =26,200 and x2 = 6,900

The value of profit function, -

f=8.1xl1+10.8 x2 =286,700



EXAMPLE 3.1 OPERATING PROFITS AS THE OBJECTIVE
FUNCTION

Let us return to the chemical plant of Example 2.10 with three products (E. F. G) and
three raw materials (A, B, C) in limited supply. Each of the three products is produced
in a separate process (1, 2, 3); Figure E3.1 illustrates the process.

Process data
Process I: A + B—E

Process2: A + B—F
Process 3:3A + 2B+ C—GC

Maximum
Raw available Cost
material (kg/day) (¢/kg)
A 40,000 1.5
B 30,000 2.0

& 25,000 25
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FIGURE E3.1
Flow diagram for a multiproduct plant.




Rﬂi‘.l‘.ﬂln-i Processing Selling price
requirements cost (product) (product)

Process Product  (kg/kg product)  (efkg) (efkg)
| E 1A, 1B 1.5 4.0
2 F iA 4B 0.5 33
3 G JALBAC 1.0 38

(mass s conserved)

Formulate the objective function to maximize the total operating profit per day in the
units of $/day.

Solution The notation for the mass flow rates of reactants and products is the same
as in Example 2,10,

The income in dollars per day from the plant is found from the selling prices
(0.04E + 0.033F + (L038G). The operating costs in dollars per day include

Raw material costs: 0.0154 + 0.028 + 0.025C

Processing costs: 0.015E + 0.005F + 0.01G

Total costs in dollars per day = 0.0154 + 0.028 + 0.025C + 0.015E
+ 0L005F + 001G



The daily profit is found by subtracting daily operating costs from the daily inco
f(x) = 0.025E + 0.028F + 0.028G — 0.015A4 - 0.02B - 0.025C
= 0.025x, + 0.028xy + 0.028x,, — 0.015x,, = 0.02x,; — 0.025x,

Note that the six variables in the objective function are constrained through materi
balances, namely

i = 0.6671'3 -+ 0.“74‘9 + 0.5.!,0
P fy = 0.3331', + 0.33319 + 0.]674‘.0
a4y = 0.333X|o

Also
0 = x,, = 40,000
0 = x; = 30.000
0 =x; = 25000






