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Selection of the Economic Objective Function for the Optimization of Process
Flow Sheets

1. Introduction

Engineers in chemical, biochemical, and other process
industries are often faced with the problem of selecting the best
solution from a set of alternative projects with respect to selected
decision criteria. These criteria are often economical in nature,
e.g., minimal cost or maximal profit, and comprise the evaluation
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This paper highlights the problem of selecting the most suitable economic optimization criteria for mathematical
programming approaches to the synthesis, design, and optimization of chemical process flow sheets or their
subsystems. Minimization of costs and maximization of profit are the most frequently used economic criteria
in technical papers. However, there are many other financial measures which can lead to different optimal
solutions if applied in the objective function. This paper describes the characteristics of the optimal solutions
obtained with various optimization criteria like the total annual cost, the profit, the payback time, the equivalent
annual cost, the net present worth, and the internal rate of return. It was concluded that the maximization of
the net present worth (NPW) with a discount rate equal to the minimum acceptable rate of return (MARR)
is probably the most appropriate method for the optimization of process flow sheets or their subsystems.
Similar or equal solutions can be obtained by simpler criteria of minimum equivalent annual cost or maximum
profit if the annual investment cost is calculated by using the MARR instead of the straight-line depreciation
method. These criteria represent a thorough compromise between quantitative and qualitative measures, because
they consider the absolute terms of future cash flows of investments equally important as profitability through
the life cycle of the project. The uncertainty related to the value of the MARR was considered by the generation
of Pareto optimal solutions for the NPW and by the stochastic analyses of two design example problems.

and control variables, e.g., flow rates, temperatures, pressures,
etc.d is the vector of the design variables, representing the sizes
of the process units, e.g., area, diameter, height, powerh etc.
andg represent various equality and inequality constraints such
as mass and energy balances. Problem (P1) in general corre-
sponds to a mixed-integer nonlinear programming (MINLP)

of alternatives economics. The latter refers to the evaluation of

capital costs, revenues, operating costs, etc. Various approache
methods, and techniques exist to accomplish the task, and many,

textbooks treat these topiés?

Presently, techniques of mathematical programming provide
an excellent systematic tool for selecting the optimal alternative
if the mathematical description of the problem is available. The

optimization process then represents the generation of the bes

solution, i.e., the selection of the process units in the flow sheet,

the sizes of units, the operating parameters, etc. The develop

ment of a mathematical model is the crucial step in implement-
ing mathematical programming in the decision-making process.
The general model has the following form:

maxor minf(y,x,d)

yxd  yxd
s.t.

h(y,x,d) =0

olyx,d) <0

x,deRye{0n™ (P1)

In the model (P1), the vector of binary (0, 1) variablgsis

problem. In special cases, when the structure of the process is
iven and when the binary variables are not presented and only
he continuous variables are optimized, the problem is reduced
0 a nonlinear programming (NLP) optimization problem.

The alternative solutions are compared on the basis of the
selected decision criterion represented by the objective function
fin (P1). Frequently, the decision criteria in the mathematical
Programming problems have an economic charactedeed,
noneconomic, e.g., technical, operating, ecological, and social,
criteria can also be considered in the objective function, giving
rise to the multiobjective optimization problems that are beyond
the scope of this paper.

A brief survey of the economic objective functions used for
the synthesis and design of process flow sheets or their parts
was performed over the year 2004 in five journals: (1)
Computers and Chemical Engineerin@) Industrial and
Engineering Chemistry Resear¢B) Chemical Engineering and
Processing (4) Chemical Engineering Research and Design
and (5)AIChE Journal The present survey identified 64 papers
with economic objective functions used for the optimization of
process flow sheets. The objective functions in 36 papers were
expressed as the minimization of different types of cost, e.g.,
the total cost, the operating cost, the logistic and investment
cost, et *1 A maximization of the profit or economic potential

used to denote the rejection or the acceptance of a particularwas observed in 17 papers, most often expressed as a difference
alternative solution (e.g., alternative process structures). Thebetween the incomes and the cd$t$? The latter usually

vector of the continuous variables, represents the operating
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comprised different types of operating costs and sometimes also
the annualized capital cost. The net present worth (NPW)
criterion appeared only in 7 papé&%55 Other interesting but
less-common criteria were maximization of the cumulative cash

© 2006 American Chemical Society

Published on Web 05/06/2006



Ind. Eng. Chem. Res., Vol. 45, No. 12, 2008223

flow,%6 maximization of the monetary value add€dthe |
minimization of the investment and inventory opportunity costs Revenues e "

. . penditures
reduced for the benefit to the stockhold&snd real-options- () 7| TROJECT — =¥
based valuation to incorporate uncertaifftjt is interesting to —i
note that the most common objective functions in the flow sheet Cas'(“FFC l)"w o Gross profit
optimization problems are expressed as simple cost or profit « D epre;a“""
functions. The maximization of the net present worth was @) Profit Before Taxes (P, )
applied in 10% of the papers. Diyidends v >

The selection of the optimization criterion strongly influences Profit After Taxes (Py) Tax (¢ Pp)

the generation of the optimal solution, as observed also by Figure 1. Cash and (non)cash flows in the project.

Buskies’® who applied different economic criteria in the

objective function and investigated the differences in the optimal ~ (¢) Evaluation of the profitability criteria represents a

values of the process parameters obtained. The question theertain combination of discrete and continuous cash flows, which

arises as to whether engineers use the most suitable criteria foserves as a measure of the project’s profitability and, thus,

the flow sheet optimization problems. represents the decision criteria for the selection from among
The aim of this paper is to h|gh||ght the prob|em of Se|ecting alternatives. The basic financial Categories that have to be

the most suitable criteria for the design and synthesis of processdetermined before evaluating profitability criteria, e.g., cash

flow sheets or their parts by means of mathematical program- flow, profit, etc., are graphically presented in Figure 1, while

ming, which would consider the future cash flows of investments the mathematical definitions are given in Appendix I. The

equally important as their profitability. The main conclusion of €conomic criteria most frequently used in engineering economics

the paper is that the compromise criteria, like maximization of are described in the continuation.

the NPW, minimization of the equivalent annual cost, and  Total Annual Cost, ¢;. The total annual cost is a simple

maximization of the modified profit with the discount rate equal Criterion which is often used in chemical engineering. It

to the minimum acceptable rate of return (MARR), are the most comprises the annual operating costs;, and the annual

appropriate criteria for the optimization of process flow sheets, depreciationD, estimated by the straight-line method,

since an appropriate tradeoff is established, resulting in a |

substantial cash flow and high profitability. G =Copt+ D= Cop""i (1)

2. Profitability Measures for Economic Evaluations of ) ) ) ] o

Investment Projects in the Chemical Industry where I is the fixed capital cost anth is the depreciation

period. The criterion of the total annual cost (TAC) is simple

The goal of the economic evaluation of projects in the but not based on a real cash flow: it does not consider the time

preliminary stage is to determine whether they are economically value of money nor taxes.

acceptable and to select the best ones for further studies. This profit Before Taxes,Pg. The profit before taxes is calculated

evaluation comprises three major steps, the last of which will as a difference between the revenugsand the annual costs
be discussed in greater depth: (a) estimation of capital costs,including depreciation:

(b) estimation of incomes and expenditures, and (c) evaluation
of the profitability criteria. Ps=R—c¢c,,—D (2

(a) Capital costsrepresent discrete (one-time) expenditures
comprising a fixed capital and a working capital. Fixed capital ~ Payback Time, trs. The payback time measures the period
costs are usually estimated by means of fast assessment method¥ time required to pay off the initial investment in the fixed
such as factored methodls.”® Software for speedy capital cost ~ capital,lr, from the annual cash flowkc. For a series of equal
estimatiofi475is also available. The working capital (inventories, cash flows, the payback time can be expressed as
cash, and accounts receivable) can represent a significant part
of the investment in the chemical industry (120% of the fixed to= I_F 3)
capital). PP R

The capital costs, also called investment costs, are discrete
cash flows and are, therefore, expressed in specific monetaryThe working capital is usually not considered in the numerator
units, e.g., USD, EUR, YEN, etc., whose values are defined in of eq 3 since it is recovered, at least in principle, at the end of
a specified period of time. The estimated capital costs need tothe project’s lifetime.
be adjusted from one period to another by applying cost Return on Investment, Roig. The return on investment is
indices’® usually defined on the basis of profit before taxes, rather

(b) Estimation of the surplus of the incomes over the than on the basis of cash flow, which is the case in the majority
expenditures comprises the determination of all continuous, of other criteria. For this reason, it is more suitable for the
i.e., positive and negative, cash flows generated by the projecteconomic evaluation of projects in countries with planned
such as the revenues, operating costs, etc. On the basis of theseconomies. It represents a fraction of the total capital investment
figures, the difference between the positive and the negative realized as the profit before taxes each year,
cash flows can be evaluated. The estimation of the revenues is
a relatively simple task since the market (spot) prices of Rojs = E _ Ps )
chemicals are usually available, e.g., in Beemical Market B e+l
Reporter On the other hand, the estimation of the operating
(production) costs of the finished products in a large chemical wherel represents the total capital investment composed of the
plant can prove to be quite a difficult task’®Continuous cash  fixed capital,|r, and the working capitally. The return on
flows are expressed in monetary units per unit of time, e.g., investment after taxes can be defined by replacing the profit
EUR/yr, USD/month, USD/day, etc. before taxesPg, in the numerator of eq 4 with the profit after
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taxes,Pa. It should be noted that the four profitability measures ~ The lowest value of IRR which is acceptable for the investors
mentioned above do not take into account the time value of is usually determined by the MARR, which is selected by the
money, i.e., discounting, and can thus be considered staticmanagement of the company. The selected MARR value
economic criteria. depends on the given economic, political, and social environ-
Net Present Worth, Wyp. The net present worth is the ment into which the investors intend to put their money. The
arithmetic sum of all cash flows’ present worths. It combines important roles have the risks associated with the project, the
the discrete and continuous cash flows for each year into the market of capital, e.g., cost of debts, and the opportunity costs
net cash flow of the project. In a simple case, when the of the firm’s capital. Typically, MARR is set compared to a
investment is carried out at year 0 and yearly cash flows follow nonrisk investment, e.g., in the bank. Investors in well-developed
regularly at the end of each year, the net present worth can beand politically stable economy markets will accept the MARR
expressed as value of, for example, 6%, whereas they will increase this value
by up to 5% in the newer markets and even by 20% for any
Vo Fex investment in the riskier markets.
Wyp=—I'+ Z— )] Equivalent Annual Cost, ceq. The equivalent annual cost is
=11+ "d)k the sum of the annual investment cost and the total annual
outcomes after taxes. The annual investment cost is estimated
whererq is the selected discount rate anis$ the given project's  as the annuity required for the capital to be returned over the
lifetime. Note that the sum of the cash flows incorporates the |ifetime. The total annual outcomes after taxes are the negative
regular yearly cash flows arising from the production process values of the cash flow after taxes. In the case of a zero salvage
as well as the positive discrete cash flows arising from the value, the equivalent annual costs, EAC, are estimated by the
recovered invested capital at the end of the project’s lifetime, following expression:
e.g., the salvage value and the working capital. The selection
of the applied discount rateg, is not a straightforward task. c = o = (10)
The cost of the borrowed capital or the average effectiveness €q fon(ry) c
of the realized projects can serve as the reference values for

choosing the appropriate discount rate. A higher rate representsthe first term in the equation above represents the annualized
more restrictive profitability criteria and, thus, a lower NPW jhvestment cost calculated with a specified discount rate, which

of alternatives. In the early (?Valuation of prOjeCtS, constant cash could be chosen as the IRR of previous successful projects or
flows can be assumed, which enables eq 5 to be reformulatedss the MARR.

as follows:

3. Project Selection by Optimization of Profitability

(L+ry'—1 Measures

Wyp=—1+F = "1+ Fcfealr)  (6)
ra(L+rg)” Engineers are usually faced with several alternative projects
rather than one single project. Recently the use of optimization

Factorfpa(rg) is the annuity present worth factor corresponding  techniques for selecting the best process alternative by means
to the discount ratey: of mathematical programming methods has increased. As the
. decision space in mathematical formulations of these problems
@ty —1 has a positive degree of freedom, solving such optimization
fealra) = r(l+r )t/ @ problems defacto represents the analysis of an infinite number

d d of alternatives.

Various profitability measures as defined in Section 2 can
be applied to the objective function of optimization problems.
The solution of such problems is actually equivalent to the
incremental economic analysis in which the alternatives are
compared on the basis of incremental profitability measures

Internal Rate of Return, rirgr. The internal rate of return is
very often called theliscounted cash flow rate of returit is
defined as the discount rate at which the net present worth of
a project equals zero,

Wip = —| + Fcfoa(firg) =0 (8) calculated from the differences in costs, cash flows, investments,
etc. For example, by the maximization of the NPW, a necessary
and stationary condition is that the first derivative with respect to
the vector of decision variabled, is zero,
|
foa(rirr) = Fe ) dWye 1
ad (11)
With eq 9, the annuity present worth factor can be calculated,
and with eq 7’ the Corresponding discount I’ﬂtﬁ,WhiCh in from which it then follows that the optimal solution with
this case represents the internal rate of retygr, can also be maximum NPW is identical to the solution with the incremental

iteratively calculated. NPW equal to zero.

The annuity present worth factor decreases monotonically as Another example is maximization of the IRR, which is a
the internal rate of return (IRR) increases. Therefore, the qualitative criterion. However, for the optimization, it is
programming prob|em with the maximization of the IRR can important that the incremental IRR of the solution is greater
be transformed into the minimization of the present worth factor, than or equal to the MARR. Applying eq 6 for NPW in the
fea, from which the corresponding IRR is calculated after the Stationary condition (eq 11) gives the following equation:
optimization. Note that, in the case of zero working capital, eq
9 for the annuity present worth factor is equal to eq 3 for dWNP: _ﬂ_,_di?f r)=0 (12)
payback time. dd dd = dd PAVd
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If the above equation is multiplied byddand the discount @ CF /(kW/K)
raterq is selected to be MARR, an expression is obtained which ~ 120°C o) T /@/Y' 60§C 6.7
is actually the definition of the incremental IRR: Cooling water
[ ¢H o
—dl + dFg fon(Tyare) = O 20 0°C g7

Steam
Figure 2. lllustrative heat exchanger network.

_d Al (13)
foa(rmarr) = E ~ A_Fc

Table 1. HEN Example Model Parameters

From the above expressions, it follows that the solution with price of hot utility pu = 80 $/(kWeyr)
the maximum absolute NPW is identical to the solution with  price of cold utility N pc= 20 $/(kKW-yr)
an incremental IRR equal to the MARR if the latter is applied ~ overall heat transfer coefficients Une = Uc = 0.5 kKW/(n?-K)

as the discount rate in the maximization of the NPW if eq fixed capital cost of heat transfer ILiH==60iI;§0§\éVI(n?-K)

12 represents the dimensions of process units, these should be  ypits ()
increased as long as the incremental IRR of a small increase tax rate re=0.25
remains above the MARR. discount rate rg=0.12yrt

The stationary conditions for minimum EAC and maximum ~ depreciation period b= 10yr
profit lead to similar conclusions: capital cost of nonintegrated solution |2 =58 162 $
utility cost of nonintegrated solution Cgp = 45 560 $/yr
cooling water supply temperature

dc, 1 da dF cooling water target temperature 35
q C
= — = steam supply temperature 130
dd pr(rd) dd dd (14) steam target temperature 170
dl — dFfoa(ry) =0 Table 2. Optimal Solutions of the HEN Example
. . . profitability measure in the objective
Profit before taxes can be expressed by the following equation function of (NLP1) fosy
when applying eqs A4 and AS from Appendix |, qualitative quantitative compromise
1 criteria criteria criteria
Py = 1—r (Fc—D) (15) min tpg, maX\ive,
t maxRois, min ¢, min Ceq
h h he fi derivati f thi maxrirr maxPg maxPg'
wherery represhents the tax rate. The first derivative of this A (M) 8.4 593 351
expression Is then £ et (USD) 16 276 65 362 43767
Cop (USDIyr) 32671 18 232 21311
Fc ret (USD/yr) 10074 22130 19 280
dPg 1 (dFc 1l _ Wae (USD) 40635 59677 65 170
dd  1-— r\dd  t,dd - (16) nrr (Y1) 0.614 0.317 0.428
shown in Figure 2. The data of the example are shown in Table
—dl + dFt, =0 g P

1. The goal of the HEN design problem is to find an optimal
size of process heat exchanger (HE) in order for an appropriate
tradeoff between the operating cost and the investment one to
be achieved at the highest possible benefit. The latter is
expressed in the objective function as one of the previously
defined profitability criteria.

From eq 16, it follows that maximization of the profit would
lead to the same result as the maximization of the NPW if the
annuity present worth factofpa, with the discount rate equal
to the MARR, is applied instead of the straight-line depreciation

period, to: As there is no income in this example, the problem was
maxPy' = modeled as a retrofit model in which the alternative with no
| 1 | heat integration between the streams was selected as the base
R—Cop— ; =1 Fc— ; ) a7) case. To ensure the desired target temperatures in the base case,
pa(TmaRR) t\ pa(TmaRR) the consumption of the hot utility amounted to (14070) x

6.7 =469 kW and the consumption of the cold utility amounted
to (120— 60) x 6.7 = 402 kW. Considering the prices of the
utilities given in Table 1, the operating cost of the utilities in a
nonintegrated solution amounted oﬁp = 45560 $/yr. The
fixed capital cost of the heater and the cooler was estimated to
be |2 = 58 162 $, while the working capital was neglected.
These two figures served as the reference points to which the
retrofitted solutions were matched. The mathematical model of
the problem was then written as the following nonlinear
programming problem (NLP1).

The HEN design problem (NLP1) was solved for seven
profitability criteria defined in Section 2, which were applied

In mathematical programming, the solutions obtained by to the objective functionfog; The solutions obtained with
optimizing different economic criteria in the objective function GAMS/CONOPT are presented in Table 2.
will usually be different. Let us consider a simple heat exchanger Table 2 shows that the optimization of frequently used criteria,
network (HEN) consisting of one hot and one cold stream, as i.e., the total annual cost and the profit Pg), increases the

This conclusion is very important for engineers who usually
prefer annual profitability measures over the NPW criterion.

Optimal solutions obtained by optimization of the NPW, the
EAC, and the modified profitPg', exhibit high cash flows on
one hand and substantial profitability on the other. These
solutions can be considered compromise results, as they
simultaneously take into account qualitative as well as quantita-
tive criteria.

4. Influence of the Profitability Measure on the Optimal
Solution
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size of the process and cash flows but minimizes the profit- W, /USD 4 A " Re/(%/2)
ability. These measures can be classified as quantitative ones, 125 000 4 4?/@ L o
as they are expressed in purely financial terms. On the other Z
hand, qualitative criteria such as the payback tirg)(the 2
return on investmentRpig), and the IRR K(rg) Minimize the 100 000 - 33
process equipment and cash flows but maximize profitability.
Optimizations of the NPW Wip), the EAC €eq), and the - 50
modified profit (Pg') are somewhere between the quantitative 75 000 +
and qualitative criteria. - 45
min or maxfg; 501000 7 0
s.t.
25000 s
120-T,=T,—70
(I)C = CFH(Tl - 60) 0 T T T T T T T 30

0 10 20 30 40 50 60 70 80 Fyrng A%/
®,, = CF,(140— T,) Mg f0672)

A a
Cop = PcPc + Pu Py Ay [ :
~ CFy(120—-Ty 50
® U120 T) o
A= D AT= T,—35—40
UATe ™ In((T, — 35)/40) 104
Aq= LGN Sl
UsAnTy ™ H T In((179— T,)/40) 20
IF,ret: 6110(AHE0.65+ ACO.65_|_ AH0.63 _ Ig 104
Feret= =(1- t)(Cgp Op) + tli ret 0 - < < rMA:RR N(%/a)
0 10 20 30 40 50 60 70 80
b)

IF ret

I:’B ret (Cop - op) Figure 3. Sensitivity analysis of HEN example: (a) NPW and IRR vs

MARR, (b) area vs MARR.
P& ret = (C, op Cop) — Fret the definition of various tunable parameters, such as project
PA(rd) lifetime and the minimum acceptable rate of return that is used
as a discount rate for optimization.
Ty, Ty, @, Py Cop A Acs Ay ATy ATy, e e . Pl . )
= P cR By performing a sensitivity analysis of the HEN problem with
Cret © Byret respect to the MARR, different Pareto curves were obtained

® = 45560 $iyr, 12=58162$ (Figure 3). The curves in Figure 3a illustrate that, at low values
op T F of the MARR, solutions with a high NPW and a low IRR are
Upe=U:.=05 kW/(nf-K), U, =0.778 kW/(n?-K) obtained, yielding a large exchanger area (Figure 3b) and a high
(NLP1) investment. These solutions tend toward those obtained by

means of the quantitative criteria, i.e., total cost or profit. By
It should be mentioned that, in this simple example, the increasing the MARR, the heat exchanger area and the NPW
revenues and working capital have been ignored in the evalu-decrease, but the IRR increases, which is similar to the results
ation, which resulted in the same optimal value obtained by obtained with the optimizations of the qualitative measures, e.g.,
many profitability measures. For example, the expressions for the payback time or the IRR. This may be explained with the
minimization of the payback time and maximization of the IRR, premise that, if the value of the MARR is low, the investors
or minimization of the TAC and maximization of the profit, ~are willing to accept projects with moderate profitability and
are identical or different only in constant terms. Some measuresWwait for the return of their money for a longer time period, since
differ in certain categories that influence the optimization in this will be compensated with future higher cash flows. On the
the same direction, like minimization of the payback time and other hand, if the value of the MARR is high, the money should
maximization of the return on investment, where the cash flow return in a shorter period of time, and this requires higher
appears in the first measure and the profit in the second one.profitability. Similar conclusions can be derived for other
As the cash flow is derived from the profit, both criteria result compromise criteria, namely, the EAC and the modified profit.
in the same optimal solution. 4.2. Stochastic Design ProblenThe generation of the Pareto
4.1. Sensitivity Analysis of Design Problemi-rom the above curves with respect to the MARR corresponds to biobjective
results, we can conclude that optimizations of compromise optimization, since it produces a series of optimal solutions from
criteria result in solutions with moderate capital investment, cash which decision makers select the best one according to their
flows, and profitability. However, this compromise relies on subjective perceptions of risk and opportunity costs. An alterna-
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Table 3. Gauss-Legendre Points for Stochastic Solution of HEN Example

MARR (yr—1) 0.0425 0.0531 0.0709 0.094 0.12 0.1459 0.1691 0.1869 0.1974
probability 0.0014 0.0093 0.0575 0.2335 0.3963 0.2335 0.0575 0.0093 0.0014

tive and advanced approach would be the stochastic analysis'22/¢ 4 Optimal Solutions of the Flow Sheet Example

of the design problem. This problem can be approached, profitability measure in the objective
assuming that the probability distribution of the MARR is function of (WO-1) fos,
available, by selecting the discrete values of the MARR and qualitative quantitative compromise
then maximizing the NPW for each MARR, yielding the criteria criteria criteria
distribution of the NPW as output. Sampling of the MARR maxWe,
values can be performed, for example, by means of the Monte Maxrirg, _ MiN Ceq,
Carlo method with random selection, but this will usually require mints _maxPe _ minc maxPe
a huge number of points. In this example, the quadrature method Y (M°) 0.873 6.82 7.90 3.75
was applied as described below. T(K) 374 342 342 351
o ) n 0.100 0.113 0.102 0.109
It was assumed that the normal distribution function for the ¢, (kg/h) 6123 4957 4808 5239
MARR is given with a mean valug = 12% and a standard qﬁ'z(kg,h) 13956 11113 10880 11792
deviationo = 2.66%. The 6-sigma rule was used for defining ¢ (MusD) 0.925 7.22 8.37 3.97
the interval of MARR values ag + 3o, i.e., from 4% to 20%. Fc (MUSD/yr)  0.876 2.42 2.52 2.00
Then the abscissas and weights of the ninth-order Gauss W (MUSD) — 4.02 6.44 5.86 7.30
0.945 0.313 0.274 0.493

Legendre polynomial were used to sample the discrete values " ")
of the MARR and to determine the corresponding probabilities siream enter the continuous-flow stirred-tank reactor (Figure
(Table 3). The problem (NLP1) was solved for each MARR, 5y \yhere the main product P is produced together with the

yielding the distribution of the NPW as shown in Figure 4a. byproduct E and the waste product G, while C is an intermedi-
From these results, a cumulative probability diagram of the

ate:
NPW was obtained (Figure 4b), from which one can estimate
the probability of the NPW being less or equal to the specified A+B—C
value. For example, it is unlikely that the NPW of the HEN
design project will be lower than 40 000 USD, and on the other C+B—P+E
hand, it will certainly not exceed 113 000 USD. P+C—G
5. Flow Sheet Example In the decanter, component G is entirely removed from the

other components. Product P is removed from the overhead of
the distillation column, but some of the product is retained in
the bottom due to the formation of an azeotrope. Part of the
bottom stream is purged in order to avoid accumulation of the
0.4 byproduct, while most of it is recycled to the reactor. The purge

| ﬁ stream has a substantial fuel value and can be sold on the market.

5.1. Optimization of Flow Sheet Example with Different
Profitability Measures. The mathematical model of the above

\ process (WO-1) consists of 86 variables and 81 equality

The following section considers a flow sheet example of the
Williams—Otto procesg? Reactants A and B and the recycle

A

0.3

0.2 constraints and is given in Appendix Il. The cash fldvg, is

composed of the sale of product &,(;) and the purge stream
0.1 (gm,9) minus the cost of the raw materialg(; and gm 2), the
utility cost (@m.10 Om,1, andgm ), the waste-removal cosif ¢),

and the fixed cost. The last term represents the tax credit

Relative frequency (probability)

0 >

20000 40 000 I 60 000 . 80 I()00 I ]0()'000. WI\:P/ UsD generated by the depreciation charges. The problem (WO-1)
a) has 5 degrees of freedom and is optimized with various objective
4 functions, as shown in Table 4.
14 Similar to that observed in the HEN example, the largest
0.9+ reactors with the highest capital costs and cash flows were also
2 | selected in this flow sheet by applying quantitative criteria of
i- 0.8
£ 071 p
S 0.6
2
F 05
g 0.4
5 £
037 Decanter =
0.2 =
[a)
0.1 Exchanger
0 T 1 T T T T T T T > 6.
20000 40000 60000 80000 100000 p /USD p
b) @ ,
Figure 4. Distribution of NPW-HEN example: (a) relative frequency, a-n) Purge ()

(b) cumulative probability. Figure 5. Williams and Otto flow sheet.
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Wyp! MUSD 4 4 e/ (%la) 4
NP IRR
154 w®mR | ;; 0.4 4 7.‘
1.2 - 90 7
112 1 £ 031
- 8 .
i - 80 ] ]
P
10 i g 024
) 70 % ]
i r &
l - 60 2 017
b 50 ~ 0 - T T T T T T T >
. | 4 5 6 7 8 9 10 11 12 K,/ MUSD
] 40 a)
0 T T T T T T T T 4
0 10 20 30 40 50 60 70 80 Fyagg/(%/a) 1
a) ] 7Z.——0—0
A 2> 0.9
v/ IIl3 = 0.84
6- i
g 077
S 0.6
- >
5 g 0.5
g 0.4
44
U 03_
0.2
34
0.1
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Figure 6. Sensitivity analysis of flow sheet example: (a) NPW and IRR but with low profitability. The optimization of compr.omise .
vs MARR, (b) volume vs MARR. measures, such as the NPW, the EAC, and the modified profit,

yields a reasonable compromise between both types of criteria,

total annual cost and profit. On the other hand, the smallest resulting in a solution with relatively large cash flows and a
reactor with the lowest capital cost and the highest profitability Promising IRR. Here, an appropriate tradeoff is established
is obtained by optimizing the qualitative criteria, namely, the between the absolute terms of the future cash flows and the
payback time and the IRR. An intermediate solution is obtained profitability of the investment.
by optimizing the compromise criteria of the NPW, the The net present worth is a measure which properly takes into
equivalent annual cost, and the modified profit. account the complete economics of the project throughout the
5.2. Design of Flow Sheet Example Considering the project’s life cycle, i.e., from the initial investment expenditures
Uncertainty in the MARR. The uncertainty involved in the 0 the annual cash flows and, finally, to the investment capital
MARR value was considered similarly as in the HEN example, recovered at the end of the project’s lifetime. The maximization
namely, by means of a sensitivity analysis and with the of the net present worth with the discount rate equal to the
stochastic approach. The NPW of the solution decreases withMARR is, therefore, the recommended criterion for the synthesis
increasing the value of the MARR, while the profitability ~@nd design of process flow sheets, instead of simple cost or
expressed as the IRR is maximized (Figure 6a). This is profit objective functions. Similar or identical results may be
accompanied by a decrease in the reactor’s volume (Figure 6b).obtained by applying more obvious and, by engineers, more
The stochastic analysis was performed assuming the Same1‘avored_ar_1nua| criteria, such as the equn/_alent annual cost _and
distribution function for the MARR as in the HEN example, the profit, if the annual mvestment.chalrge is calculated by using
N[12, 2.66]%, and nine Gaustegendre points. The relative the MARR. However, any uncertainty !n_the tunablfe parameters
frequency and the cumulative probability for the NPW are Must be taken into account before arriving at the final decision.

presented in Figure 7.
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~ RevenueR, is a positive cash flow, which in the chemical qEL3: qu10+ (2kWeWe)Vp

industry arises mainly from the sale of products, byproducts,

and surplus utilities. The company may also have other incomes, q; = qf; 10T (Kwgwe — 0.5k;wpowi)Vp

e.g., dividends and interests, but these are usually neglected in

the preliminary evaluations. qrn 3= qm 10T (1.5kWpw) Vo
ExpendituresE, represent all the negative cash flows, e.g., ]

costs of the raw material, the energy, the salaries, the mainte- w, = qjm,:s‘/ijms 1=ABCEPG

nance, the insurance, etc., which are often called operating costs

or costs of manufacture. In additioB,also comprises general 12 00

expenses such as selling costs, research costs, etc. Many case = (5.9755x 109) exp( ()

studies indicate that raw materials and utilities represent, by 1500

far, the largest part of the operating costs in the chemical k, = (2.5962x 1012) ex —() (WO-1)

industry. 1
DepreciationD, does not belong to the cash-flow items. It . —20 00

represents an annualized investment cost which serves to define = (9.6283x 1015) ex 1.8T ()

the reduction of the value of the fixed capitil, and influences . )
the amount of taxes that the company is obliged to pay. For the On:1=0 j=B,CEPG
early stages of the project evaluations, a straight-line deprecia- i .
tion is recommended to be taken over a 10-year depreciation qjm,zz 0 J=ACEPG

period, tp, with a zero salvage value: Ona=0ns | =ABCEPG
| i ; .
D =t_F (Al) qjm,5=qjm,4 J =A181C1E1P
D
qg,s =0
The total investment, is a discrete cash flow composed of . )
the fixed, I, and working capitally: d.6=0 j=ABCEP
=1+ 1y (A2) Qme qm4
Profit before taxesRg, is calculated as the difference between qjm,7 =0 j=ABCEG

the revenuesR, and all the cash expenditurds, minus the

P _ P E
depreciationpD. Om,7= Oms— 0.105

P,.=R—-E-D (A3) One=0ns | =AB,CE
=0.1
Profit after taxesPa, is determined on the basis of a given qm 8 qm 5
tax rate i, which determines the amount of the taxes paid. The q ¢=0
tax rates may vary from low 10% to around 45%, depending _ _ m
on the financial policies of the governments. q’m’9 = nqjmls j=AB,CEP
Pa=(@1—-r)Pg (A4) Ono=
The net cash flowFg, is finally estimated by eq A5. Note Ghi0=1—ndys j=ABCEP
that depreciation is the only term by which the net cash flow
should be differentiated from the profit: qm,lo: 0
Fc=P,+D=(1-r)R-E)+rD (A5) Omj = ijm,i i=1,2,..,10 j=AB,C,EP,G
]
The upper relation is reasonable for early evaluations where I = (1/0.453)x 600Vp

paying dividends to the shareholders and other incomes
(outcomes) are often neglected (dashed line in Figure 1). Cash_ _ 1

flow actually represents the money from depreciation and the Cop = 0,45:41681"144_ 252y, +

remaining profit that flows back to the company and can be 2.220m 10 O 1+ O o) T+ 840, 0 + 1041.6

spent for research, expansions, improvements, etc.
= (1 —r)[(1/0.453)(2 204, ; + 500, o — 168, , —

Appendix Il 2521m,2 - 2'22(qm,10+ qm,l+ QmZ) - 84Qm6) -
) |
min or maxfgg; 1041.6]+ rtt—F
S.t. P
A 322K=T=<378K
qﬁwsz(qm1+qﬁ11&_k1WAWBVp 0<7<0.99
qm 3= (qm 2t qm 10 — (KW + kaw)wgVp V= 0.85n?

qg,s = Qm,10+ (2kWaWg — 2K WeWe — KWipw) Vo Om7= 2160 kg/h (WO-1oniin
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Ojs Gy W, € R 1=1,2,..,10 j =AB,C,E,P,G
V, T, ky, Ky, K, g, Fey 77, Cp€R

Data: ry=0.12yr', r,=0.3, ty=t=10yr,
p = 801 kg/n?

Nomenclature

A = heat transfer area, m

Ceq = equivalent annual cost, USD/yr

Cop = Operating cost, USD/yr

¢ = total annual cost, USD/yr

CF = heat capacity flow rate, kW/K

d = vector of design variables

D = depreciation, USD/yr

E = expenditures, USD/yr

f = objective function

Fc = cash flow after taxes, USD/yr

fea = present worth annuity factor, yr

g = vector of inequality constraints

h = vector of equality constraints

| = total capital investment, USD

I = fixed capital investment, USD

Iw = working capital investment, USD

k = reaction rate constant;"h(mass fractiorn)!
p = price of utility, $/(kW-yr)

P, = profit after taxes, USD/yr

Pg = profit before taxes, USD/yr

Pg’ = modified profit before taxes, USD/yr
gm = mass flow rate, kg/h

R = revenues, USD/ yr

Roig = return on investment before taxes; ¥yr
rq = discount rate, yrt

rrr = internal rate of return, y

rmarr = Minimum acceptable rate of return,yr
ro = tax rate

T = temperature, K

tp = depreciation period, yr

ty = project’s lifetime, yr

tpg = payback time, yr

U = overall heat transfer coefficient, KW/&kK)
V = volume, n?

w = mass fraction

Wyp = net present worth, USD

x = vector of continuous variables

y = vector of discrete variables

Subscripts and superscripts

0 = base case

C = cold, cooler

H = hot, heater

HE = heat exchanger

i = number of process stream in Williams and Otto flow sheet

j = components in Williams and Otto flow sheet (A, B, C, E,
P, G)

ret = retrofitted solution

Greek

A = differential

® = heat flow rate, kW

n = fraction of purged stream
u = mean value

p = density, kg/m

o = standard deviation

Abbreviations

EAC = equivalent annual cost

IRR = internal rate of return

MARR = minimum acceptable rate of return
MINLP = mixed-integer nonlinear programming
NLP = nonlinear programming

NPW = net present worth

TAC = total annual cost
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