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Abst ract

A m xed-integer linear programm ng approach is presented for performng
structural and paranmeter optinmization in the synthesis of processing systens.
This approach is applied to the synthesis of utility systenms that have to
provi de fixed demands of electricity, power for drivers and steamat various
pressure levels, A superstructure that has enbedded many potential configura-
tions of utility systens is proposed, as well as its correspondi ng m xed-integer
progranm ng nodel. The application of the nodel is illustrated with a |arge
exanpl e probl em

Process synthesis has been a very active area of research over the |ast
fif;een years. Extensive-reviews on the large nunber of publications in this
area can be found in Hendry et al. [5], H avacek [ 6], Wsterberg [ 18],
St ephanopoul os [16] and Nishida et al. [7]. The basic approaches that have
been suggested in process synthesis are the use of heuristics, thernmdynam c
targets and optinization techniques. In recent years there has been considerable
skepticismon the useful ness of the latter approach (e.g. see [16]), the main
arguments being that optimzation techniques are inefficient for synthesis problens,
and do not contribute to their physical understanding. Although there is no
qguestion that heuristics and thernmodynami ¢ targets have led to considerable
progress in several types of synthesis problens (mainly heat recovery networks*)
they do not provide a common franework for solving different classes of problens in a
systemati c manner, nor do they in general guarantee optimality.
Furthernore, one particular aspect where these approaches have an inportant
[imtation is in accounting explicitly for the interactions that take place when
synthesizing total processing systens that consist of several mmajor conponents

such as the utility system heat recovery network and chemcal plant (Papoulias [10]).,
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As will be shown in this series of three papers, some of the above cited
limitations can be circumvented with an approach based on mixed-integer linear
programming, a technique that allows simultaneous structrual and parameter
\optimization in process synthesis. Also, with mixed-integer programming one can
develop a common mathematical framework for different synthesis subproblems aﬁd
having this representation, one can interconnect the subproblems in a natural way
to account for the interactions. It is important to note that the suggested
approach does not preclude in any way the use of heuristics or‘thermodynamic
targets. Since in the mixed-integer approach a superstructure must be postulated
that has embedded many alternative flowsheets, heuristics and thermodynamic targets
can be incorporated to reduce the space of search, which in a number of instances
will reduce significantly the computational requirements. However, it is clear
that the mixed-integer pr;gramming approach can only guarantee optimality with
respect to the alternatives that are included in the superstructure.

This paper addresses explicitly the problem of synthesizing optimal utility
systems that have to satisfy fixed demands of electricity, power for drivers and
steam at various pressure levels, A mixed-integer linear programming model is
developed which as will be shown in the third part of these papers [12], can be
incorporated readily in the synthesis of total processing systems that consist of
the chemical plant,heat recovery network and utility system.

Conclusions and Significance

A mixed-integer linear programming model has been developed for the systematic
synthesis of utility systems. It was shown that considerable advan;age can be taken
from the flowsheet topology and consistency of operating conditions for introducing
only a modest number of binary variables in the formulation. Therefore, as demonstrated
with the numerical example, large problems can be solved with reasonable computational
effort, Also, the numerical example has shown that alternatives that are poten-

tially attractive for utility systems need not be discarded with the proposed

approach.




I nt roducti on

The objective of this series of three papers is to present a structura
optim zation approach for the synthesis of total processing systems. A total
processing system can be regarded as an integrated system consisting of three
i nteractive conponents:

a) Chem cal Plant

b) Heat Recovery Network

c) Uility System

The chemical plant is the conponent that perforns the processing steps to
transformraw materials into products so as to meet given design specifications.
In nost cases there are nmany potential flowsheets for the chemical plant that
include a variety of processing units such as reactors, conpressors, distillation
col ums and absorbers, .all of which can be interconnected in many different ways.
The heat recovery network has the task of exchanging heat anmong hot and cold
process streans of the chemical plant in order to reduce the heating and cooling
utilities. The optimal synthesis of this conponent is often crucial in
determ ning the energy efficiency of the total system Finally, the utility
system provides the required utilities for the chem cal plant (electricity and
power to drive process units), and heating utilities for the heat recovery
network (steamat different pressure levels). Typical units found in a utility
plant are fired or waste heat boilers, different types of turbines, electric
notors, electric generators, and other auxiliary power plant units._ Al l these
units can usually be conbined in many feasible configurations that are capable
of providing the required utility demands.

In this paper a general mathematical framework based on mi xed-integer
linear programming will be presented for synthesizing the above cited conponents.

The distinct feature of the proposed approach is that it allows sinultaneous




structural and paraneter optinization for the optiml synthesis. The

application of this approach will be illustrated in this paper with the
synthesis problemof utility systems. Part Il [11] of this series of papers
will deal with heat recerry net wor ks whi ch have a special structure that

can be exploited for an efficient solution. Finally, in Part Il [12] it will

be shown that a m xed-integer fornulation of the chem cal plant

provides a natural way of interconnecting it with the heat recovery network
and the utility system since the fornulation can account explicitly for the
interactions that take place in the synthesis of the total processing system

M xed- | nt eger Progranm ng Approach

In the synthesis of a processing systemit is necessary to select the
configuration and operating conditions of a flowsheet that optinizes a given
obj ective function while satisfying the required design specifications. In
the initial stages of design the objective function is comonly economic in
nature and involves either cost mninization or profit maxim zation. Ié'order
to performboth the structural and paraneter optim zation, the synthesis problem
can be fornulated as a m xed-integer optinization problem as discussed in
Grossmann and Santi banez [ 3].

The first step in fornulating such a probleminvolves the derivation of a
general configuration or superstructure that has enbedded all the alternative
flowsheets that axe to be considered, and fromwhich the optimal solution will be
selected. This superstructure contains a finite nunber of processing units with
their corresponding interconnections. The superstructure is comonly derived by
maki ng use of engineering judgement, heuristics and/or thernodynanic considerati6n3<
The following variables can be associated with the superstructure:

a) The Qy - vector y of 0-1 binary variables associated with the non-
exi stence or existence of units that will define the configuration

of the process.




b) The n_ - vector x of continuous variables which correspond to
X

stream fl owates, operating conditions and sizes of units.

The physical perfornmance of the superstructure can be represented by the

system of linear and nonlinear equations,
AXx =a (1)
f (x) »0

where A is a matrix of constant coefficients with the vector a as its right-hand
side, and f is the vector of nonlinear equations. |In general the system of
equations in (1) will be underdetermned |eaving a positive nunber of degrees
of freedom The design specifications, physical constraints, and relations for
the layout of possible processing systens which may be expressed in terns of
the 0-1 binary variabl es y have the general form

b" < B. x +B, y<b"
. (2)
h* < h (x,y) < hV

wher e Bl’ Bé‘ are nmatri ces of constant coefficients, bL and bU are | ower and

upper bounds, and h is the mvector of nonlinear constraints with | ower and
upper bound hL, hU.
If the -cost function Cto be mnimzed is given by
mn C « C (Xx,Y) (3
the synthesis problemconsists in determining the optimal values of the variable
vectors x and y in the follow ng m xed-integer nonlinear program (M NLP):
min C =C (x.y)
S.t.
Ax = a
_ (4)
f(x)= 0
b < B Xx+:B,y<b"
h* < h(x,y) «h"

>°» Y] "01 j -12...n
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Due to the difficulty involved in solving this large-scale MINLP Grossmann
and Santibanez [ 3] have suggested to reformulate (4) as a mixed-integer linear
program (MILP). This is a class of problems for which efficient algorithms are
available for large-scale problems (see Geoffrion and Martsen [2]; Tomlin [17]),
and they_have the important property of determining global optimum solutions.

The MILP formulation for process synthesis can be derived with the general
procedure described below,.

In order to convert the functions f, h, in linear forms, advantage can be
taken from the fact that if operating conditions such as pressures, temperatures,
split fractions or other state parameters have fixed values, linear equations
can be derived for the performance of each unit (material and energy balances,
design specifications, physical constraints, etc.). The effect of operating
conditions can then be analyzed by considering them through a set of discrete
values with which linearity in the performance equations and constraints is
maintained. To denote the existence or non-existence of each discrete operating
condition at each unit, 0-1 variables can be introduced with the constraint that
each unit can operate at most in one condition. The following variables can then
be associated with the general superstructure:

a) The ny-vector y of binary variables which indicate the existence or
non-existence of units and streams, and which define the configuration
of the process.

b) The n: ~ vector yd of binary variables which indicate the existence or
non-existence of the discrete fixed operating conditions xd that are to
be analyzed.

c) The n; - vector x° of continuous variables which correspond to stream
flowrates and sizes of uﬁits.

Therefore the constraint set describing the performance of the general

processing scheme in the steady-state can be represented by the system of linear




equality and inequality constraints:

E- yd+EoXC»e
1 *

(5)
X d»rn o JJ
d<D,y+D,y+Djzx"d

where the matrices El and EE are functions of the selected fixed operating

condi tions xd |

The nonlinear objective function C can be approxi mated using

fixed-charge cost functions. The actual investnent cost function for a

plant unit is conmmonly a concave cost function as shown in Fig. 1, where the

qost per unit capacity decreases as the capacity increases. An adequate

approxi mation of the cost function of unit j with capacity x.J i s obtained using

the fixed-charge cost function given by:

c. Y=o, + '
J(ny) 4] %XJ (6)

Xy Y3 s X:] <. X-’j Yy 9 Y/jeofi
This fixed charge cost function reflects econom es of scale since a fixed charge
a.J for the investnent of plant unit j is only incurred mhen the associ ated binary
variable is set to 1, or equivalently when the unit capacity is greater than zero
in which case the variable cost termg.Jx.J is activated. Furthernore, |ower and
upper bounds on the capacity of units (x? and xg) can be specified in order to
reduce the error between the fixed charge cost function and the actual concave
cost function as shown in Fig. 1. Also, if a nore accurate approximtion is
desired, more than one binary variable can be used to approxi mate the'concave
cost function as a piecewi se linear function [ 15].

Therefore, the general synthesis problemfor a processing system can be

transformed into a problem consisting of selecting values of the binary vectors

d . . . . .
y, y and the continuous vector x® in the m xed-integer linear program (M LP):




mn C= @'y + @)’y + @)

d c
s.t. Exy + E; X * e

d"< D,y + D, y* + Dz x® < dV

yy = 0, 1 i - 1,2,...n ' (7)
y§ = 0,1 = 1,2, ar
¢ 0
x =
where C is the cost function, Y, yd are binary vectors and xc is the

vector of continuous vari abl es; &1, az, 0, are cost vectors associated with

t he bi nary and continuous vari ables; e, dIf dlland E]: E”, Dl’ Dt, EG are

respectively vectors and nmatrices that define the constraint set of the problem
It should be noted that in the actual inplementation of this M LP nodel

advantage can often be taken from the particular problem so as to reduce the

nunber of binary variables, which can constitute a mjor bottleneck for

obtaining efficiently the solution.

Synthesis of UWility Systens

In order to illustrate the application of the MLP fornulation for process
synthesis, the problemof utility systens will be considered. This synthesis
probl em can be stated as follows. A chemical conplex requires fixed demands of
electricity, power for several process drivers, deaerated water, coolipg wat er
and high, nmediumand |ow pressure steam The objective in the design is then
to determine the configuration and operating conditions of a utility plant that
satisfies the given set of denmands at nininunwcosi. Since in general many
alternative types and arrangenments of energy supply and conversion devices have
to be considered, it is a nontrivial task to synthesize the m ni num cost
configuration. Few nmethods have been suggested previously in the literature for

synthesi zing optimal utility systens, and they are briefly'described bel ow.




An iterative linear programing (LP) nodel was devel oped by Nishio and
Johnson [ 8] in order to synthesize optinﬁl steam and power plants. One of the
shortcom ngs in their approach is that sone major decisions on the plant
configuration are based on heuristic rules that exclude many alternatives that
could possibly contain the optinmal solution. Another inportant limtation is
that the investnent costs are considered to be strictly linear with cépacities,
and hence the econonies of scale are not reflected in this nodel which can
produce designs that contain too many units. In a more recent work Nishio
et al. [9] proposed a thernmodynam ¢ approach. This nethod attenpts to create
a utility plant that mnimzes available energy |osses for each plant unit,
and then aIIocatés process drivers (turbines, electric notors) using |inear
progranmm ng. The thernodynam c analysis of available energy is the basis in
deriving a set of heuristic rules that will be used to determ ne the plant
structure and design conditions. Although mnimzation of avail able energy
| osses leads to maxi numplant efficiency, it clearly does not accognt for the
associ ated investment costs of the utility plant units. FurthernDre; in this
nethod it is not always clear what the precedence of one heuristic rule is
over anot her.

Grossmann and Santi banez [3] have fornulated the synthesis problem of
steam generation systens as a m xed-integer linear program Although their
nmodel accounts for different operating conditions (pressures and tenperatures),
it is rather sinplified since it does not consider turbine and notor driver
assignments for satisfying electricity and power demands, nor heat integration
i nprovenents of the plant cycle. The driver assignnment problemis very
inmportant in the synthesis of optinmal steam and power systens since in genera
it is not known a priori which power demands will be satisfied by high or

medi um pressure steam turbines, gas turbines or electric notors. Recently,
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Petroul as and Reklaitis [13] proposed a s&nthesis procedure for

utility systens based on a deconposition'of two coupled subproblens. The first
subprobl em determ nes the nunber of steam headers as well as the pressure in
each header, and is nodeled as a dynanmic programthat mninzes the avail able
energy losses. The driver selection is the second subproblem and is
fornulated as a |inear program having as objective to minimze the energy
inputs to the utility plant (steamand electricity). Coupling of the two
subprobl ens occurs at the driver efficiencies and heat |oad of the boiler.
The limtation of this procedure is that it does not account for investnent
costs of the plant units and does not consider the possibility of using gas
turbine driverg. Al'so the LP fornulation for the driver selection problem
may not be adequate in many cases, since it mght give designs having steam
turbines with an excessive nunber of extractions and inputs, or select two
different drivers (steamturbine and electric notor) for satisfying the sane
power demand. As shown bel ow, the problem of synthesizing utility systens

can be formulated as a MLP that can overcone sone of the Iinitationé or
difficulties encountered in the above cited nethods.

Derivation of the Superstructure

The first step in the fornulation of the synthesis problemof utility
systens is to consider systematically many alternative configurations by
including themin a superstructure. In this general flowsheet all conmon units
enployed in a utility plant are included, namely, boilers generating steam
different types of turbines generating power and electricity, electric notors
converting electricity to power, steam headers at different pressure |evels,
condensers and other auxiliary equi pment discussed bel ow. A superstructure for
a utility system containing a very large nunber of feasible alternative

designs is presented in a sinplified formin Fig. 2.
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Cbserve that there are three steam headers at high, nediumand |ow
pressure levels respectively. In each pressure level different steam pressures
and tenperatures (states) can be considered, but only one operating state nust
be selected in any Ievel.l St eam can be generated with either fired or waste
heat boilers operating at pressures and tenperatures consistent with the
conditions in the steamheaders. The available steamin each header can be
used to provide a required steam denmand, drive steamturbines operating in
this level, or otherwi se be transferred to the next |ower |evel steam header
with pressure reductors where water is added to match the steam quality.

There are three types of power generating devices considered: steam
turbines, gas turbines and electric notors. The steamturbines can operate in
ei ther a high or medi um pressure |evel depending on the inlet pressure of the
steam The steamturbines can be either of the condensing or backpressure type,
with the possibility of extractions in both cases. The gas turbines are of
the sinple open cycle type, with air as the working medium The hot gases
exhausting the turbine section can be either used in a regenerator to preheat
the conpressed air before it enters the conbustor of the gas turbine, or it
can be integrated as preheated air for further conbustion in fired boilers
or as heating nediumin waste heat boilers (Sawer, [14]). Electricity can be
produced by any conbination of steamand gas turbines connected with a comon
shaft on an electric generator. Power demands for drivers can therefore be
satisfied with steamturbines, gas turbines or electric nmotors. It should be
noted that the amount of electricity generated is not always the demand
specified by the problem since it nmay be necessary to produce additional
electricity to drive electric notors for satisfying some of the power denands.

In order to conplete the superstructure auxiliary units have to be

included. There is an optional vacuum condenser depending on whether there
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are any condensing steam turbines used. here is also a water treater for the
make-up water, and a deaerator that trea‘x the feedwater returning to the
boilers and the required process (deaerated) water demand. The water returning
to the boilers is raised "to the required pressure with a feedwater punp,

and can be preheated with an indirect contact feedwater heater that uses medi um
pressure steam IFinaIIy, provi sions should be made for satisfying the utility .
pl ant power requirenents (internal demands), for the feedwater punp, boiler
draft fans and cooling water punps.

G ven the superstructure descri bed above, the synthesis problemconsists
in determining the configuration of the utility plant, the values of the
operating pressures and tenperatures of the three levels of steam the type
and capacities of boilers, and all streamflowates. Also, it is necessary to
deternine the assignnent of turbines 6r electric notors to electricity and
power demands, as well the type of turbine used for each demand. The criterion
used for optimzation in this case is the nininmzation of the total annual
cost of the system
M LP nodel

Havi ng devel oped the superstructure for the utility system the second
step is to fprnulate the synthesis problemas a nixed-integer |inear program
In order to develop this MLP nodel continuous and binary variables are
associated with the general flowsheet presented in Fig. 2. The continuous
variabl es represent the capacities of all the units and stream fl ow ates
(air, hot gases, fuel, steamand water). The binary variables (0-1 vari abl es)
assigned to plant units represent the exi stence or nonexi stence of the
corresponding units at a given operating state. The operating pressures and
tenperatures to be analyzed are treated as a set of discrete values with each
of them associated to binary variables that indicate the existence or non-

exi stence of the discrete val ue.
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In order to derive the MLP nmodel , consider that in the superstructure the
set of units N = {n} , is postulated for providing the given set of utility
demands. These processing units are boilers, steamheaders at different
pressure levels, different types of turbines, pressure reductors and auxiliary
power plant units. The first task is to define the interconnections of each
plant unit n with the following index sets:

I = {nh unit n has input flowate fromunit n}

n (8)

On = {m] unit n has output flowate to unit mn

Therefore, the superstructure for the utility plant can be represented as a
mat hemati cal graph (network), where the nodes of the graph are the plant units
and the edges are the stream fl owr ates.

In Qrder to investigate a nunber of different operating conditions, a
subset of units NICN is chosen where discrete pressures and tenperatures are
specified. The units Nl in this nodel will correspond to the three steam
headers, the vacuum condenser and gas turbines. As a result of the selected
di scretization of conditions on the units Ni’ di screte operating conditions will
al so occur in the rest of the units of the superstructure. Therefore, the
i ndex set Kn that defines the discrete conditions of the output streans for

each unit is- defined as

Ko = {K|] unit n operates at condition (Phk' Thk) } neN (9)

The existence or non-existence of unit n operating at condition k can then

be represented by the binary variabl es Y ik whi ch are defined as follows:

1 unit nis selected in the final structure and
operates at condition k

y = (10)
nk 0 ot herwi se
As will be shown below, many of these binary variables can actually be

elimnated in the inplementation of the MLP nodel by taking advantage of the
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topol ogy and consistency of operating con.diti ons in feasible configurations.
As for the continuous vari abl es', the flowates of the streanms in the
superstructure will be represented by the non-negative variables F t—:K, t hat
denote the output flowate fromunit n at condition k, and that is directed
to unit m Each one of these variables will have associated to it the spe-

cific enthal py h”&x as a fixed paraneter. The heat and work generated: by

unit n are denoted as Q and W - Therefore, the material and energy bal ances
n n
for all plant units will be given by:
n m
yyF -yyFi-o0
L L ink u L nk
mel keK med  keK
: ‘nm n ”m m e N (11)
Yy VRN « vy yF hi-0-y=0
LJ U ink nk [ > [ > nk  nk Tl n
mel keK niO keK

n n n n

In order to activate the flowates in the superstructure that are consistent
with the selection of units and their correspondi ng operating conditions, |ogical
constraints nust be inposed. Firstly, since for each plant unit at nost

one operating condition k can be selected the following (in)equalities apply,

X v [S]1 neN (12)
keK,
In the case that unit n nmust exist in the final solution the equality is used,
whereas in the case when unit n may not exist the inequality is used. To ensure
that the output flowates of each unit are at the sane operating condition k if
unit n exists, the following inequalities nmust be included

Z | (13)

meO
n

where U is an arbitrary upper bound on the stream fl owr ates.
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| There are in addition two other types of logical constraints that must

hold in the superstructure.

at the condition k, if and only if unit n exists at the same condition.

The first one arises when a unit m will exist

In

this case one can set for the corresponding binary variables of units m and

n the equality

ymk = ynk ke Kn

(14)

An example of this case would be the relation of the boiler and steam header

at high pressure when both must exist simultaneously, and therefore at the

same condition.

The second type of constraint arises when the existence of a unit m

at condition k implies the existence of unit n at the same condition, but

the reverse is not true.

quired to denote the existence of unit m and therefore

k € K
m

where Yo is related to the existence of unit n by the

- ' <
ymo E; ynk 0
k&K
n

Since unit n will then define the operating conditions

(13) must be replaced by the following inequalities to

in unit m

)
- <
2 Fo-Uy, S0 k&K

Le0
m
5 )
szk

3- -Uy =0
L mo
keKk £e0

n m

In this case only one binary variable Ymo? is re-

one can set

(15)

constraint

(16)

at unit m, constraint

activate the'flowrates

(17)

An example of this second case would be the relation of a turbine with a

steam header, where the existence of the former implies the existence of the

latter, but not vice versa.
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It is very inportant to note that it'is the equalities in (14) and (15)
that allow the elinination of a large number of binary variables in the
i npl ementation of the MLP nodel. The equation in (14) allows the use of the
sanme binary variables for several units, whereas the equation in (15) requires
that sone units be assigned only one binary variable even if they can operate
at several conditions. Using these equalities the only binaries required in
the superstructure of the utility plant are for each state of the steam
headers and one for each potential steamand gas turbine and electric notor*

In order to neet the utility denmands the continuous variables in the node
must meet the followi ng constraints:

a) Power denmands

A K
W = ) WL p=12...P (18)
P zJ «
neN
P

wher e h% = {n (unit n suhplies power demand p}

b) Steamdemands (in the form of heat duties)

0 =1 % S 1.2....5 (19)

neN
S

wher e Ns = [n]|] unit n steamdenmand s}
c) Water demands

S B B SR L (20)

neN kekK
r n

wher e Nr = [n| unit n supplies water demand r}

Logical constraints in terns of binary variables can of course also be
added to ensure that a given demand is satisfied by only one unit. An exanple
woul d be when only one turbine should satisfy the power demand for a driver.

As for the capacities of the unit n, they will be given depending on the

type by




VARRYA Fm flowate capacity of unit n
L a nK
G = I’TEOn keKn (21)
n .
W - work load of turbine or notor drive n
n
These capacities will in general be bounded by mni mumand maxi mum capacities

GI‘, d“ in the constraint
n n

GE (| *etsk Gyow Gﬁj<| | k> (2)
keK, keK, '
Finally, the objective function in the synthesis nmobdel is given by the
fixed and variable cost of all plant units, while the operating cost is given
by the fuel, water or any other purchased utility cost. Therefore, the form of

the objective functionis e

(23)
. _ . . F . +
mnC= Yy vy (@ gk P8 §) 1Y Y Vb kY 8V
neN keK neN keK neN.,
n u n Cs
where N and N, define the units that purchase utilities, and
U £
Ay A% Yxki 9n8 are cost coefficients,

The problem of synthesizing an optimal utility systemgiven by the objective
function (23)_ and the set of constraints (10)-(22), corresponds to a KLLP for
whi ch both structural and parameter optimnization can be perforned in the
superstructure. To obtain the values of the coefficients in the MLP nodel
the following information is necessary:

a) Data on the utility demands

b) Enthalpy and entropy data for steamand gas stream

c) Efficiencies of turbines

d) Cost correlations for all units and utilities

This MLP nodel can then be solved with standard mi xed-integer progranm ng

codes so as to provide the optimal configuration froma supefstructure that has

enbedded many feasible utility systens.




Nunerical Exanple

In order to denpbnstrate the application of the MLP nodel for synthesizing
utility systens, a test problemtaken fromNi shio et al. [9] is considered.
The problemis to synthesize an optinmal utility system servicing a petrol eum
refinery of 200,000 BPSD capacity. The set of the refinery utility demands is
given in Table 1. As can be seen, there is a demand for electricity, 10
external power denmands for drivers, 3 internal power denmands for the utility system
and demands for medium and | ow pressure steam and dearated and cooling water.
Also there is inport of nmedium and |ow pressure steam and condensate return. The
operating conditions and other parameters of the utility plant units are given
in Table 2. _Note that three operating conditions are considered for each, the
hi gh pressure (HP) steam header, and the nedium pressure (MP) header. Cost
coefficients were derived in the fixed charge formusing the cost data‘given in
Guthrie [4].and WDods.et al. [191, which were updated to 1981 prices using the
éhenical Engi neering Index. Stream enthal pies and entropies were obtained from
t hermodynamic tables([1], DI4]), and the turbine efficiencies are the ones given

inNshioet al. [9].

There were two cases studied using the daia of the above exanple problem
In the first case electricity was produced using only steam turbine generators
which is the same problem solved by Nishio et al. [9] , who enploying heuristic
rul es discarded the use of gas turbines for generating electricity. In the
second case the possibility of producing electricity also with a gas turbine
generator was also included in the supersturcture. The sane fuel (kefosene) was
used for the fired boiler and gas turbine. The problem sizes were 44 binary
vari abl es, 253 continuous variables, 107 constraints for the first case, and
45 binary variables, 261 continuous variables, 115 constraints in the second
case. The optimal solution for both céses was -obt ai ned"in approxrmately 90

seconds of CPU time on a DEC-20 conputer, using the branch and bound al gorithm

of the LINDO conputer code [15].
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The optimal configuration obtained ih the first case has an annual cost of
26.82 Mp/year and is shown in Fig. 3. The i nternal power demands of this
optimal design are given in Table 4. The optimal configuration represents a
condensi ng Ranki ne power cycle, that produces electricity with a conbination of
HP and MP steam turbines connected to the electric generator with a common
shaft. The HP steamturbine is a backpressure turbine exhausting to the MP
steam header, and the MP steamturbine is a condensing turbine with an
extraction to the LP steamheader. Power demands no, 3, no. 4, no. 6, no. 7
and no. 14 are satisfied with MP steam turbines exhausting to the LP steam
header, while electric notors are used for the remaining power demands.
hserve that thé operating condition with the higher pressure (P = 96.53 bar,
T = 713°K) is selected for the HP steam header, while the MP steam header operates
at the intermediate pressure (P e 17.24 bar, T = 600°K). In fact this
configuration is simlar to the solution given by Nishio et al. [9] with the
exception that in the optiml design of Fig. 3 steam reheating (68.27 x 106 kj/hr)
is performed in the boiler. Mre detailed conparisons anong these two sol utions
(fuel consunption, plant efficiency) are perhaps not appropriate since the val ues
assumed for stack temperature of the boilers are probably different.

In the second case, the optimal configuration has a total annual cost of
15. 73 Mb/year, which corresponds to a 417, reduction in the utility plant cost
when conpared to the previous case. The basic configuration is a binary cycle
utility plant as shown in Fig. 4. The gas turbine cycle (1st cycle) produces
nost of the electricity required, while the exhaust hot gases are integrated
in the main boiler to be used as preheated air and consequently reduce the fue
consunption in the boiler. Notice that the Rankine cycle (2nd cycle) does not
require a condensing section since all steam turbines are backpressure turbines.

The remaining electricity is generated with a HP steam turbine exhausting to
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the MP steam header. The sané power demands as in the first case are
satisfied with MP steamturbines and electric motors, but in this case there
is a smaller load for the steam turbine driving the cooling water punp
(no. 14), and the electrib nmotors for the boiler feedwater punp and boil er
draft (no. 12 and no. 13). Note that there are two small reductors used
between the steamheaders in order to balance the steamflows in the utility
plant. The only difference in the operating conditions of this utility system
when conmpared with the optinmal design obtained in the first case, is that the
operating condition with internediate pressure (P = 69 bar, T = 661°K) is
selected for the HP steamheader. Finally, it is inportant to note that this
optimal binary cycle plant has 37.470 less fuel consunption mﬂtﬁ respect to the
above design that uses no .gas turbine generator. Clearly, the reduced fuel
consunption of the binary cycle represents a significant inprovenent in the
efficiency of the utility system

Di scussi on

As shown with the nunerical example, the MLP approach is a powerful too
for designing utility systems. The fact that potentially promsing alternatives
can be enbedded in the superstructure and that they need not be discarded has
produced in the above exanple savings of 37.47, in fuel cost and 4170 in total
annual cost. It is inportant to note that the proposed approach optim zes
si mul taneously both the structure and operating conditions of arbitrary utility
systens, which is a great inprovenent over previous nethods reported in the
literature. Another inportant feature of the above nodel is that due to its
mat hemati cal representation it can easily be added to a MLP synthesis nodel for
total processing systems as will be shown in the third part of this series of

papers [ 11] .
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Anot her point worth mentfoni ng fromthe exanples that were solved is
that the proposed MLP nodel for utility systens constitutes an efficient
synthesis nethod since nbdest conputational effort was required for solving
bot h cases of the exanpl e problem (less than 2 minutes CPU time on a DEC-20)-
For larger problenms, it would be possible to decrease the conputational effort
for solving this MLP problemby adding heuristic constraints to the proposed
formulation that will reduce significantly the feasible region, and hence the
enuneration effort. For the synthesis of utility systens, an appropriate
heuristic constraint would be to specify that the maxi mum fuel cost, which is the
domi nant termin the annual cost, is within a small percentage (e.g. 570) of the
value obtained at the relaxed LP solution. The effect of this constraint in the
M LP nodel is to elimnate from consi_deration utility plant configurations with
fuel consunption that nost likely will not lead to the optinmal solution.
However, care should be taken in the use of this constraint as too small a

percentage may not produce any feasible solutions.
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Table 1;

Utility Demands and Imports for Example Problem

DEMANDS
STEAM ’
M .P.steam. . ............. [ 125.1 Ton/hr
L.P. steam. . .. ... ... . . . .. 187.3 Ton/hr
ELECTRICI TY
NO. L . 32030 kw
EXTERNAL PONER
NO. 2. 818 kW
NO. 3. 1965 kW
NO. A . e e, 2020 kW
NO. 5. . e, 1530 kW
NO.  B. .. e, 1940 kwW
NO. 7 3120 kW
NO. 8. . . . 85 kW
NO. 9. .. . . . . e 440 KW
no. 10...... R 203 kw
NO. 1. ... 650 kw
| NTERNAL PONER
no. 12 (BAWpUNp). ... ... to be calcul ated
no. 13 (boiler draft fan)................. to be cal cul ated
no. 14 (cooling water punp). .............. to be calcul ated
WATER
deaerated water. . ... ... ... ... ... 275 Ton/ hr
cooling water. .. ..... ... ... ... 7306 Ton/hr
| MPORTS
STEAM & CONDENSATE _
MP. steam........ ... e 224.0 Ton/ hr
L.P. steam . .... ... ... .. 50.2 Ton/ hr-
condensate return. ............o ... 120.1 Ton/hr




Table 2: Stream Equi pnent Conditions for Exanple Probl em

STREAM EQUI PMVENT GONDI TI ONS

H P. STEAM HEADER

Qperating Condition no. 1................. P = 96.53 bar, T°®° 713 K
Qperating Condition no. 2................. P =168.95 bar, T « 661 K
perating Condition no. 3................. P * 55.16 bar, T = 782 K

M P. STEAM HEADER

perating Condition no. 1................. P =20.68 bar, T * 758 K

perating Condition no. 2................. P =17.24 bar, T « 600 K

Qperating Condition no. 3................. P=13.79 bar, T » 690 K
L. P. STEAM HEADER

perating Condition no. 1................. P = 3.45 bar, T =411 K
DEAERATCR . . oo pressure = 1.013 bar

tenperature = 373 K

FEEDV\ATER HEATER . .. .. heat donor (MP. stean)‘
heat receiver (BI'W

BALER ... . e bl ow-down rate = 5%
efficiency = 90%
fuel LHvV = 43950 kj/kg
fuel cost = 0.1395 $/ kg

VACUM CONDENSER . . ... exhaust steam pressure = 120 mrHy
condensate tenperature = 328 K
cooling water in = 303 K
cooling water out = 323 K

COCLING WATER PUWP. . . .. .. inlet pressure = 1.013 bar
outlet pressure = 7.94 bar
inlet tenperature = 303 K
punp efficiency = 65%

GAS TURBINE GENERATCR ... ... oo conpression ratio « 10*0
expansion ratio = 9.8
conpressor efficiency = 85%
turbine efficiency = 87%
conbustor efficiency = 98%
fuel LRV = 43950 kj/kg
fuel cost = 0.1395 $/kg
max. regenerator eff. ° 80%
exhaust gas tenperature » 900 K




Tabl e 3: Economc Data for Exanpl e Probl em

Annual Qperation = 8400 hours
Capital Recovery Factor = 0. 154252
Gas Turbi ne Fuel (Kerosene) = $ 143/ton
Fired Boiler Fuel (Kerosene) = $ 143/ton

Wat er $ 0.05/1000 gal |l ons




Table 4. Optimal Internal Power Dermands for Exanple Problem

| NTERNAL PONER - CALCU ATED DENAND
CASE |: UTILITY SYSTEMW THOUT GAS TURBI NE GENERATCR
no. 12 (BAWPpUNP). .. . ... 857 kW
no. 13 (boiler draft fan)................ 879 kW
no. 14 (cooling water punp).............. 2539 kW
CASE Il: UTILITY SYSTEMW TH GAS TURBI NE GENERATCR
no. 12 (BAWpPUNP). .. ... .. ... ..., 326 kW
no. 13 (boiler draft fan)................ 239 kW

no. 14 (cooling water punp).............. 1827 kW




Figure 1. Approximation of concave cost function with fixed-charge cost function.
Figure 2. Superstructure of utility system
Figure 3. Optinal utility systemwith no gas turbine generator.

Figure 4. Optinmal utility systemw th gas turbine generator.
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