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Abstract

Minimization of investment and operating costs is proposed to obtain the optimal design of Steam
and Power Systems in Chemical Plants. The mathematical model includes equipments and practical
aspects not taken into account in previous work. Equipments such as the deareator, the boiler pump
heat recovery boilers, etc., are included and properties such as turbine efficiencies are calculated ag
dependent variables allowing the usage of correlations provided by manufacturers. The Mixed-Integer
non-Linear optimization structure of the problem is replaced by an appropriate sequence of non-Linear
optimization problems. A computer program provides solutions ordered in increasing cost. Therefore
capital and operating costs can be compared and the optimum can be selected from many alternatives’
available to the engineer. Using a few examples, the existence of alternative optimum solutions is dis-
cussed, and the structure of sub-optimum solutions is described. Finally, certain aspects of the relation-
ship of this design problem with the design of the Heat Exchanger Network are pointed out.

I Introduction nimum utility usage proposed by Cerdd et al.'. For
this reason, the design of the SPS and the HEN are
interdependent, There are some cases, however,
where separate designs of both systems can meet
necessary optimal conditions for the combined
structure. In this paper a method to find the optimal
design of the SPS, using the HEN heat demand as
data, is presented. The nature of the relationship
between the two systems is explored, and some cases
where the present method guarantees the optimality
of the combined system are determined. ‘

Many of the procedures currently used for the
HEN design, which are based on the methods
presented by Linhoff and Hindmarsch? and Cerdd
and Westerberg®, assume that the operating costs are
dominant, and therefore one necessary optimal con-
dition is minimum energy consumption. The direct
association between minimum operating costs and
minimum energy consumption is done on the basis
that all the heat demand is satisfied using boiler
steam. When the SPS is introduced as an intermediary,
a new problem is defined. The heat demand is now
being fulfilled by steam coming from backpressure
. turbine outlets or waste heat boilers, and eventually
* Presented at the 2nd Latin American Congress on Heat o imported steam. This new situation can produce
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The Steam and Power System (SPS) of a Chemi-
cal Plant provides mechanical energy by means of
backpressure and condensing turbines, and is si-
multaneously a heat source for the Heat Exchanger
Network (HEN). As shown schematically in Figure
1, steam VB produced in the Main Boiler, together
with steam coming from Waste Heat Boilers Vf.‘ (and
eventually imported steam from other plants V}),
flows into a system of headers having different pres-
sures. Part of this steam is used to generate mecha-
nical power in turbines W, ; whereas another portion
VH is used for heating process streams. The remaining
part is used to meet demands of direct steam used for
example as raw material or diluent in the process. To
enhance the efficiency of the cycle, backpressure tur-
bine outlets are injected into the corresponding
headers, and the condensates from the heat ex-
changers are flashed appropriately.

As it is discussed below, the use of steam of dif-
ferent pressures and/or the eventual excess of it in
some levels can alter HEN design goals such as the mi-
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the power alloted to each header remains constant,
reallocation of the heat loads of the different headers
can produce reductions in the boiler load. Later,
Dolddn er al % ° showed that when reducing HEN
heat demands, important bottleneck conditions may
arise in the SPS, such that the boiler heat load does
not change, being also accompanied by cooling water
increments. The same type of restrictions can appear
even in the case where power loads can be redistribu-
ted among the different headers, especially in the case
of power dominant systems. Given the complexity

of the problem the indirect heat demand is assumed -

in this paper to correspond to the minimum HEN
utility usage. An analysis of the combined SPS-HEN
system after the SPS has been designed will determine
whether an increase of the HEN utility usage is pos-
sible without affecting the boiler fuel load.
Fortunately, in the case of the HEN design the
minimum utility usage can be obtained without
actually designing the system. Using this value, the
HEN design can be approached determining which
network gives the lower capital cost. A second
heuristic that associates minimum capital costs with
minimum number of heat exchangers, allows simpli-
fied mathematical methods to meet the design goals,
as it was developed by Linhoff and Hindmarsch? and
Cerdd and Westerberg®. There are, of course, other
HEN design methods from wlnch eqmvalent tools
of analysis could be obtained. Once the SPS is desig-

. mixed-integer

Steam and power system

ned on the basis of minimum heat demand of the
HEN, the number of heat exchangers becomes a rele-
vant parameter for the determination of the com-
bined SPS-HEN optimum necessary conditions.

Different structures have been proposed for the
SPS. Nishio et al. 7~'° proposed different forms of
meeting the design goals. Also, Petroulas and Re-
Klaitis*! presented a structure, later adopted by Dol-
dédn et al. * that is similar to many industrial designs,
Grossmann , uses the concept of “superstructure”,
where all the possible structures are represented si-
multaneously, the optimal one obtained by means of
nonlinear programming techniques.
Even in this last case the selection of the equipments
and their interconnections is done beforehand. This
constitutes a limitation shared by almost all the
synthesis methods. In this paper, the optimal design is
determined using the type of SPS structures shown in
Figure 1. Except for a few additional details, this is
the structure presented by Dolddn et o/ ®. Aiming at
the inclusion of certain aspects not included in earlier
work, equipments such as the deaerator and the
boiler pump are considered in the model. Calculation
of turbine efficiencies is also included, allowing the
usage of manufacturer correlations. The method
allows the inclusion of other additional details needed
for a complete design.

Although the inclusion of exhaustive cost evalua-
tions of the solutions is sometimes difficult, if not
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inapplicable, in this paper t'he total cost of the system
is proposed as an objective function. Once some
properties of the cost function are established, the
objective function and the mixed-integer nonlinear
mathematical structure of the problem are replaced
by an casier-to-solve mathematical scheme without
any loss of rigour. Structures having minimum
operating cost cdn be ordered in increasing values
of capital costs. The minimum operating cost sub-
problem is solved using a strategy that avoids the
usage of mixed-integer nonlinear techniques. The
overall algorithm allows independent cost evaluation
according to the criteria, needs, evaluation methods
and possible restrictions of each Plant or Company.

1. Description of the synthesis problem
11. 1. Problem data

11.1.1. HEN heat demand: The SPS have to
meet a certain heat demand D which is considered
fixed and corresponds to the minimum utility usage
of the HEN. Using methods such as those presented
by Cerdd et al. !, the determination of this minimum
utility usage is straightforward. Once the temperature
intervals of the problem are established, the Transpor-
tation Tableau is built and solved. From this Tableau
the distribution of the heat demand with respect to
temperature d(T) is determined. Because of the dis-
crete characteristic of the transportation method, this
distribution has the form of the bar diagram shown
in Figure 2. If the number of headers is N, only N
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Fig. 2.—  Heat exchanger heat demand distribution

different steams, each of pressure P; and dew point
T, are available. Therefore, only N values of different
heat demands can be defined. They are:

T;-aT
Di:j ! ° d(T)dr [‘:1;~"7N (i)
Ti, = A&T

w'here AT is the minimum allowed temperature
difference in heat exchangers. The total fixed heat
demand is then:

T,-AT N
Dy =J d(MdT= Z D ()
=1

0 i

In practical designs it is often found that steam
of the lowest possible pressure is used to satisfy each
heat demand D;. As it will be described later a relaxa-
tion of the problem that permits the reduction in
boiler loads is to allow heat demands to be satisfied
by steam of higher pressures.

1.1.2. Power demand: Steam turbines are gener-
ally connected to electrical generators, and this elec-
trical energy is then distributed to the energy consu-
ming centers. In some applications, however, the
power demand is specified in such a way that no elec-
trical energy is used as an intermediary for power
needs. This is the case of large compressors where
efficiency in the power transmission is lowered by
electrical drivers. Each of these My, demands WP is
satisfied using a real turbine, called here “Dedicated
Turbine”. Therefore, the overall power demand can
be described as the sum of the dedicated turbine de-
mands WP and the power Wy produced in turbines
connected to electrical generators. Thus:

Mp

Wp=W;+ £ WP, 3)
i=1

The optimal design procedure has to assign
dedicated turbines to a pair of headers. At the same
time, the power distribution that will produce Wi
can be assigned to any pair of headers and partitioned
conveniently.

11.1.3. Direct process steam demands: Steam
injection in the process is often present in Chemical
Plants. For this reason it cannot be recovered, as is
the case of the steam used to meet HEN heat de-
mands. This demand is specified in two forms. In
certain cases the energy content of the demand is
important and the specification comes as Energy
Flow Demand F,(’ Each of these Mg values are spe-
cified to be provided at a value of pressure higher
than a specified limit P,G, but as close as possible to
it. In other cases, steam flow rates are much more
important than their energy content, and they are
specified as such. For these M;: values of fixed flow
rate steam demand F;, a lower limit on the supply
pressure P} is also specified. By selecting the lowest
possible pressure for the steam that meets this
demand the amount of energy associated with these
streams is minimized. This also helps to minimize
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the boiler energy load by allowing turbine outlets
to be used for these purposes. Once the header pres-
sures are known, the process steam demands of each

header are immediately established through the fol-
lowing relations:

Mg
r$= X af;Iy 4)
o=

Mp
Si= Z aFi, )

where §; + I‘.S/Hj is the flow rate of process éteam
provided by t}'1e header j. The binary variables ¢;”; fmd
a}‘j are used to make the supply-demand allqcatlon.
For each value of j one and only one g; ; is different

from zero, as happens in all assignment problems.

11. 1. 4. Steam raised in heat recovery boilers and
imported steam: There are cases in which there is
steam imported from other plants or parts of a Chem-
ical Complex, called Imported Steam V! ( =
=1, ..., M) and available heat QIR throughout the
process, which is used to generate steam of flow rate
VR For each Heat Recovery Boiler there is a small
blowdown aRVR_ The properties of these steams are
problem data. Ifa,l-'j is a binary variable used to assign
heat recovery boiler i to header /, and similarly

a,!/- allocates the imported steam V} to header j,

then

R Wk R
Vi= 2 g,
P Y HR - he)+ el (R —hg)  (6)

R
Q,' EIR

!

>

1y

1
vi= = g, V!
I i=n

ij V,’ (7N

where hg the boiler feed water enthalpy, oz,RV,R is
the amount of blowdown, h¥ its enthalpy, and
H,R the enthalpy of the steam produced by the
heat recovery boiler. Finally el represents the boiler
efficiency, which is considered constant and data. It
should be mentioned that instead of assigning heat
recovery boilers to headers by matching their pres-
sures, the problem can be generalized to include the
selection of the temperature and pressure of the
steam raised by the heat QR.

There are cases in which all this mass and energy
supply is substantially higher than the power and heat
demands. In such cases, the complex structure given
in Figure 1, built to maximize the Rankine Cycle
efficiency, is no longer economically justified. Nor is
sometimes the existence of the main boiler itself. This
situation is easily recognizable by the design engineer

T
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and since it requires a completely different anal

; sis
it will not be studied here. ysis,

I1.1.5. Main boiler steam properties: In this
paper it is assumed that the properties of the main
boiler steam V?, are data.

Increasing boiler pressures can only increase the
efficiency of steam turbines. This change in efficiency
is not significant. However, higher boiler pressyreg
sharply increase steam and energy losses. Op the
other hand, if the boiler steam temperature increases
there is no apparent effect on the efficiency of thé
turbines, at least on the basis of the correlations here
used. Thus, any temperature increment raise encrgy
losses, with apparently no other effect. Therefore
not existing a clear benefit from raising the temperi
ature and pressure of the Main Boiler, these proper.
ties are chosen to be as small as possible. The lower
limit is established by avoiding for example the ap-
pearance of two phase flow at turbine outlets.

If it is so desired, these variables can be included
as problem variables without affecting the solution
algorithm, provided the appropiate restrictions are
also added. Additionally, it has to be mentioned that
temperature increments in boiler steam allow meeting
heat demands of higher level. These demands are
usually satisfied with fire heaters. The new assignment
problem that arises from these two competing energy
suppliers is not considered in this paper.

1. 2. Problem objective function

As was mentioned earlier the optimal solution s
obtained by minimizing the overall cost of the system,
Later it will be explained how the mathematical
structure of the problem is replaced by a sequence
of sub-problems for which only operating costs are
minimized. This operating cost is proportional to the
energy boiler load E defined by:

B

Vv
i

EB =1 (H} = hg) +af (h® —hg)] . (8)
€1

The main boiler blowdown is cx? V?, the en-
thalpy of the steam produced is H? and the boiler
efficiency is €B. They are all data. Other expenses,
such as the maintenance cost, can be easily included
in the problem as structure dependent capital costs
or, as is done in some cases, as functions of the
operating cost.

I1. 3. Problem feasible region

The feasible region is defined by the following
restriction equations

1.3, 1. Fullfiliment of process heat load: By
assigning a heat load Q; to each steam header the
total heat demand is fullfilled. Thus
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N
> Q/‘:—DT+DL‘
j=1

©

Note that Q; is not necessarily equal to D;. Aside
from the fixed heat demand D, given by the HEN
minimum  utility usage, the system itself consumes
a certain amount of energy Dy needed for its own
functioning. This additional load has different origins,
one of which is the heat demand of the water treat-
ment plant. This type of demand will be always
dependent on the system overall energy load.

without loss of generality it is here assumed that
Dy is proportional to the water make-up L:

Dy =L (10)
but other formulas can be used. The temperature
level of D is assumed to be the same as that of Dy.

Other restrictions reflecting thermodynamic
constraints are:

k=1,..,(N=1) (1)

(12)

11.3.2. Overall mass balance: This balance is

zZ

T vj+L=Vvie
j=1

N
‘ Sy R, R
,-‘_3 [Sj+ TiH; + Via}] +
BB
oV (13)
The deaerator steam outlet VL is a value that
depends on certain characteristics of the design of
the equipment. In each case, manufacturer’s data
have to be consulted. For demonstrative purposes,
and without loss of generality, the following linear
relationship is adopted:
Vi =ap VR (14)
As will be seen later, the use of more com-
plicated formulas can be included without affecting
the ability of the algorithm to solve the problem.

11.3 3. Mass-balance for each header:
j—1
By oy1a yR w L F
\I+Vl.+V1 +kZ=inJ.+Vj_x +V/._.
- YW ]\:‘ W Q/ L
R
k=i (Hj~h()

+TIH +5+ VP (15)

where Vk“,"j- is the steam flow corresponding to the
backpressure turbine W ; and V,W,, is a condensing
tprbine flow rate. Condensing turbines are here con-
sidered as consumers of steam of high pressure only,
therefore W/' , = 0 for allj # 1. Similarly, only one
Main Boiler is considered, so that VB has meaning
only for j = 1, whereas VlD, which is the steam des-
tinated to cover deaerator duties, is supplied by the
last header N, being zero for allj % N. Some of these
are simplifying assumptions that can be relaxed.
Others, such as the steam used in the deareator are
guided by common sense.

v ‘The amount of steam recovered in each flash
V is given by a linear relationship in Q.

Q

vE = Qg
Hy - h®

2

N i -2
Hi ., - hﬁ.s_)l k=1 Hg—h® (16)

; j=3

—/ﬁ}_ (1 ~—ag) }

qg=k+1

where H; is the enthalpy of the steam in header
I, hg.s) is the enthalpy of the corresponding conden-
sate and a is a flash splitting factor:
hés) — K
o, =_4°1 9 17
H(S) — h®
q q

Finally, the steam needed to cover the deaerator
duty Vg is obtained combining mass and energy

balances for this equipment:
L(hp —hy)

: . (18)
[Hy — (1 —ap) hp — apHE]

D _
VN—-

The enthalpies HE and hp correspond to the
deareator outlet steam VL and its outlet water, res-
pectively.

[1.3.4. Nonisentropic steam turbine expansion:
In each turbine, the relationship between steam flow
rate and power produced is given by

Wrj = Vi) i (g — Hejl (19)

where Hy; is the enthalpy corresponding to the isen-
tropic expansion of steam having pressure Py and
enthalpy Hy to pressure P;.

109




Latin American Applied Research

I n=2 f

\

PROBLEM MOC
Minimize operating cost | __
selecting appropiate design
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\ A
Evaluate overall cost
of the structure found
YES
{

Is the cost
smaller than
the one found for
n-1 headers?

NO

Y

The optimal number
of headersisN=n ~ 1

Fig. 4.—  Problem solution algorithm.

the cycle can be used to identify these situations,
stopping useless computations.

The definition of the overall cycle efficiency
given by (29) does not take into account losses origin-
ated in changes of turbine efficiencies, and therefore
it cannot be used as a mathematical alternative ob-
jective function of the problem. However, as will be
shown in the examples these differences can be
neglected in practice. Also, when header pressures
change, the existence of direct process steam de-
mands of fixed flow rates F; can also induce changes
in the efficiency of the cycle. This effect is not taken
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into account in the expression given in (29) either
and therefore, when conclusions are made based: On’
cycle efficiency, carefull attention is needeq ¢ ana.
lyze the influence of these parameters,

1. 2. The minimum operating cost problem (Moc )

Even though the number of headers is fixed ip
the case of the MOC problem, it still hag binary
variables. The lack of knowledge of the steam heagey
pressures P; make it impossible to make the supply.-
demand assignment established in% 7. Additionally
the integrals given by Eq. (1) remain undeterminedj
If mixed-integer programming can take care of the
binary variables (a} ; af’, a'}/., al‘;].) it is difficult to
handle restrictions containing integral expressions,

All these difficulties are eliminated if by some
means, the header pressures are known. This jdey
suggests the definition of the following Minimum
Operating  Cost with Fixed Pressures Problem
(MOCEFP).

For each set of Steam Header Pressures the fo].
lowing mapping is proposed:

L PN)=

= Min (VY HY - hg) + B V8 (h0 1)) (30

TGN

where the minimum of the function in the right hand
side have to be in the feasible region of the problem,
Since this expression represents the energy input to
the boiler, a unique value is obtained for each set
{Py, ..., PN} Thus, using this mapping, the mini-
mum of the MOC problem is obtained by finding
the minimum of /N, conditioned only by the mono-
tonicity of the header pressures given by (28).

The MOC problem has been reduced to solve
the MOCFP problem. For each set of pressures the
binary variables (ai,']., HIG/’ a'} . ai. ) are calculated
and the values of D; evaluated. As stated, the binary
variables for the assignment of direct process steam
demands to headers are obtained by choosing the
lowest pressure possible. In the same way, to make
maximum use of the steam raised in heat recovery
boilers and the imported steam they are assigned to
headers with the highest pressure possible. With this
done, the MOCFP problem constitutes a nonlinear
constrained optimization problem. In the case of
N = 2, f* is a function of one variable, namely P,
(recall that P, and HB are data). The Fibonaci Search
was chosen to find the optimal solution in the inter-
val (Py, Pnyyy)- For N > 3, the Pattern Search algo-
rithm (Fould'*) is used. To make sure that the search
is done inside the feasible region of pressures the algo-
rithm was slightly modified to avoid violations of the
inequalities given by (28).
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111. 3. [terative solution of problem MOCFP
The MOCFP problem docs not contain binary

] = D :
H=(H;, VR, VE, 5, D, Wy, hg, VR (32)

i’ i ‘ triction equations are .
variables, but still many res : ' ti I " . .
nonlinear, the objective function being bilinear in . n this notation the MOCFP problem is written
enthalpy and flow rates. '
The following representation of the problem is Min
adequate to introduce the iterative approach used in '
this paper. Define the vectors x and H as follows: Nt
B W w L oukF 7= (Mx (33)
x=(Vj W Wi Vi, Vi Qi Vi Vi L. L)
3H Ax - b >0:[£g. (11)and (12)] (34)
Initialize pressure
values P, ,.. ., Py
Select values
of Hj, 'r'),"i
Y
o Solve
linear problem
Select new values
of pressures
A (Fibonacci search or
Recalculate enthalpy pattern search)
and cfficiences y
N
NO 0

Every
Neighbourhood of the present
solution has greater
consumption?

gence?

The optimal solution
was found

Fig. 5.— Solution proc

edure for problem MOC.
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=Q: £ 3), (15-16), (19) and
£ (x, H) = 0: [£q. (9), (13),( )(2(4—2)531]11(35)

H - f(x, H) = 0: [£q. (6),(10), (14), (18), (20-23)
T and (26)] (36)

The linear problem that results from copsidering
H constant in Egs. (33), (34) and (35) is solved
using the standard Simplex algorithm. The system of
equations represented by (36) is used to recglgulate
new values of H, as it is shown in Figure 5. This itera-
tive procedure defines a sequence of solutions which
on convergence, gives a solution of the MOCFI? prob-
lem. This approach is similar to the inside-out
algorithm which solves rigorous models in an outerloop
of the optimization problem. The convergence to
optimal conditions was investigated by Biegler er
al.'*. The conditions under which the sequence
{xk, H®) }exists and converge were not investigated
in detail. Note however that this study includes a
definition of a transformation in a proper metric
space, and a search for conditions under which th~e
transformation is a contraction. Such analysis is
beyond the scope of this paper.

It was mentioned before that the definition given
for the variable heat and power demands Dy, Vi
Wy respectively, as well as the expression (20) used
to calculate turbine efficiency can be replaced
without altering the solution strategy here presented.
All those expressions are included in (36), and there-
fore do not affect the existence of the linear optimi-
zation problem defined for each iteration.

IV. Results

Three application examples were chosen to dis-
cuss relevant aspects of the problem. The problem
data is given in Tables I and 2. The solutions of the
corresponding MOC problems are shown in Table 3
and figures 8, 9 and 10. Normally around 15 itera-
tions are needed to obtain convergence of the
MOCFP problem with errors less than 0.0001% in the
iteration variables. Such low convergence values were
needed to obtain good values of fN for the purpose
of comparing sub-optimal solutions, as is shown later.
The initial values of header enthalpies and efficiencies
were the convergence values corresponding to the last
set of pressures. For the first set of pressures satura-
ted steam enthalpies were taken as starting values. In
the case of efficiencies a value of one was chosen.
No appreciable difference in number of iterations was
noted between one choice and another. The number
of evaluations of the Pattern Search algorithm are
strongly dependent on the starting set of pressure
values. A practice that gave excellent results in to
make a preliminary evaluation of selected isolated

18:105-123 (198

Table 1.~ Heat demand distribution

Temperature dg(T)
(*K) (Kw/°K)
301-333 5.0
333-373 93.5
373-450 623.5
450-503 93.5
503-510 5.0
401 20000 Kw*

* Condensing stream

points, picking the starting set on the basis of this
survey. Being this type of exploratory movements
strongly dependent on the engineer’s judgement they
cannot be programmed in a systematic way.

IV. 1. Changes in the number of headers N

Consider first Example 1. In the case of twg
headers (N = 2), the SPS includes a condensing turb;.
ne. For Power Dominant systems the maximum valye
of the Rankine cycle efficiency given by (29) is
smaller than unity. As discussed above, the additjon
of one header increases the system efficiency. This
happens in the case of Example 1 when passing from
two to three headers. A considerable decrease in
operating cost is achieved. Since operating costs are
proportional to the boiler load, the large reduction of
boiler load achieved (about 5%) suggests that at least
two solutions (N = 2 and N = 3) should be compared
in total cost. Since for N = 3 the efficiency is maxi-
mum, any increase in headers do not produce energy
savings. Additionally, as it is discussed later, if
variations in energy boiler load originated in changes
of turbine efficiency are neglected, many alternative
optimum solutions for N = 3 may exist.

In other cases, when power demands are larger
than heat demands, the cycle efficiency meets its
maximum value for very high and economically unat-
tractive values of N, or eventually never reaches it.
Sometimes, the limitation is not in the relatively high
ratio of power to heat demand, but relies in the shape
of the distribution of heat demand d(T), making it
very difficult to allocate backpressure turbine outlet
steam to satisfy heat demand.

It should not be surprising that in practical appli-
cations, structures having more than three headers are
very rare. Savings in operating costs are normally high
when passing from two to three headers, decreasing
substantially from then on. As explained, new
headers contribute to decrease the value of D, which
is normally small compared to Dy, producing energy
savings that are small compared to the increments in
capital costs,
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Table 2. Examples data

Ior all the examples:

Wt = 7240 Kw W]\(,’f: 298.3 Kw m = 0.0873
P, =3 MPa PN =0.11 MPa P,=0.01 MPa
h L= 1062.08 KJ/Kg iy =4199.4 KI/Kg TB = 530°1
HE = 26760.5 KI/Kg oB=001 ap = 0.05
ap = 10.62 KJ/Kg ay = 1740 (Pa m? [Kg)
M, = 0.56 — 0.0145 P (MPa)
Heat demands:
* Example 1 and 3: Table 1
* pxample 2: Condensing streams
D, = 20000 Kw (@ 510 °K)
D, = 56900 Kw (@ 27C °K)
Steam data
* [xample 1 and 2: Mo supply or demand
* LExample 3:
F, =37 Ton/h [, =2.0 Ton/h FF, =5.0 Ton/h
Pl =3.0 MPa Pl"= 2.0 MPa PF=0.4 MPa
v! = 28 Ton/h Pl =3.1 MPa 1! = 523 ok
Ok = 3000 K PR = 2.5 MPa TR = 513 °x
aR=0.01 G =2700 Kw PG = 2.0 MPa

V. 2. Steam flow of letdown between headers

Any steam letdown inmediately affects the boiler
energy load. Letdowns between headers represent
power losses, and the optimal structure avoids hav-
ing such flows. This is accomplished increasing high
pressure heat loads Q; as discussed by Dolddn er
al®.

When an excess of steam is present in high pres-
sure headers, originated for example by an excess of
imported steam, the optimal solution can include
stean letdowns to cover heat andfor direct process
steam demands of lower pressure levels. Increments
of the total power produced W can be planned
knowing that turbines can be installed instead of
these letdowns without affecting the overall energy
load of the system.

IV. 3. Boiler steam flow rate as objective function

Because of the presence of hg in the objective
function the strict equivalence between minimizing
VB and EB | as it was proposed in previous work, is no
longer possible. Neglecting small variations originated
in changes of turbine efficiency and variable loads

(VR D), the enthalpy of the boiler feed water hg
remains indifferent to structural changes, as long as
W, » is constant or zero.

In Example 1, when N = 2, values of V? lower
than those of the optimum solution were obtained
for slightly lower values of pressure P, . For example,
if P, = 0.3415 MPa, VB = 141.7 Ton/h is obtained
as solution of the MOC problem. This value is lower
than the optimum Boiler Flow Rate. However in this
case, /% increases 3.4 %.

The use of V‘f as an alternative objective func-
tion is not recommended for the optimum design of
the SPS, except for estimation purposes when short
cut algorithms are used.

Additionally, it should be mentioned that the
use of VB as objective function does not introduce
any particular improvement in the iterative procedure
used to solve the MOCFP problem.

1V. 4. Effect of the heat demand distribution d (T)

Example 2 differs from Example 1 only in the
heat demand distribution d(T) and was included to
show how changes in this distribution affect the value
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of the optimal solution. In this case, backpressure
turbines can be used to meet all the power demand,
their outlet being used to cover heat demand D,. The
optimal value of P, coincides with the minimum
value PMin_ This is explained by the fact that the
steam needed to cover deaerator duties Vg\' decreases
with header enthalpy H,. Maximum efficiency is
achieved for N = 2, and this is the problem optimum.
Note that no capital cost evaluations are needed when
this type of results are obtained.

1V. 5. Process steam demands and heat
recovery boilers

Example 3 is included to show how the method
handles the presence of process steam demands and
additional energy inputs. Not surprisingly, optimal
pressures coincide with minimum values Pé" and PI;
specified for the steam injection demands F, and F;.

.. |

18: 105123 (1983

The energy flow associated with the steam S, apg
increases with steam header pressure. Ip the2 éas %
Example 3, any decrease of pressure P, belo\ve;,)lf
will reassign steam demand Fj to header 2, incregs;
the energy load of the system. Similar re;lssign;nsmg
happens if P, falls below the optimum value g{n
Thus, the presence of steam injection demang l
fixed flow rate make the minimum delive.ry o
sures P! act as “attractors” for the optimum hel')rdcs.
pressutes. If My is higher than N, or there are 1(: "
tations produced by the heat demand distribut?(:l‘
d(T), the optimum header pressures may not coin :
de with these attractors. Knowing this attractixm;
behaviour, preliminary evaluations using these prelsé
sure values may be of great help in the searc}A
algorithm. !
When process steam demands are specified to be
provided at fixed energy flow, the values of pG do
not have the same attracting effect, since now the

Table 3.— Optimum solutions of the examples

Example 1 (N=2)

Q, =D, =20234.0 Kw

Wy p=11324 Kw

Example 1 (N=3)

Q, =17979.0 Kw
D, = 13648.5 Kw
W, ; =6195.7 Kw

/? =88948.38 Kw

Q, =D, =56670.0 Kw

P, =0.656 MPa

/3 =84530.1 Kw

Q, =16627.8 Kw
D, =20558.5 Kw
P, = 0.85 MPa

VB =144.04 Ton/n
W, ,=6177.2 Kw

VB=132.40 Ton/h

Wy, =W, =0.
W, ,=1108.3 Kw
P, =0.355 MPa

Example 2 (N=2)

Q, = 344174 Kw
Wl,p:()

f?=84522.0 Kw

Q, =42486.3 Kw
P, =0.11 MPa

vB=147.3 Ton/h
W, , =7299.9 Kw

Example 3 (N=2)

Q, =D, =21082 Kw
W, »=948.6 Kw
S,=F,

Example 3 (N=3)

Q, =6131.3 Kw
D, =29336.1 Kw
W, =6652.4 Kw

ag,x =1

s =F,

Q, =3695.5 Kw
\Vl'v=\v‘,3 =0
P, =0.4 MPa

£ =100345.5 Kw

Q, = 55880 Kw
P, =0.634 MPa
r3=r6

/3 =96428.3 Kw
D, =2601.0 Kw
W, , =660.4 Kw

’

P, =2.0 MPa
S, =F,

R =1

a4,

. Alrernative solution

Q, =28240.7 Kw
W, , =5161.5 Kw

V?z 160.10 Ton/h
W, , = 6368.7 Kw
S, =F, +FTF,
a%.l :052 =1
VB =150.65 Ton/h

Q, =25804.9 Kw
\vl,V = \\/2‘3 =0

P, =0.4 MPa
S, =F,
r$=r6

W, , =2151.3 Kw
P, =2.0 MPa

In all cases V}‘ =0
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energy output associutgd with process steam injection
is constant. However, in some cases t.he bacl.q)regsure
qurbine outlet, which would otherwise be in excess
in lower pressure headers, can be‘ used to cover the
direct process steam dcmar(l_d.‘ln h)_(;irpple 3, ifp, <
PG the steam demand I'} is satfsflcd w.;th steam
coming {rom the first header. In this case, little varia-
tions in boiler load f3 are observed because the sys-
{emn can rearrange the heating (Q;) and Power (W,"/)
Joads accordingly. This is not always . ;?ossxblg,
especially in those cases where cycle efficiency is
pot maximum.

Similar comments can be made to describe the

effect of the presence of imported steam V} and/or
steam coming from Heat Recovery Boiler VI.R. These
steams act as substitutes of the Main Boilér Steam,
and as such can be used in backpressure turbines. If
the pressure of the header where this steam is injectgd
is not maximized, an excess of steam can appear in
lower pressure headers. On the other hand, the pres-
sure of these steams is in general different from the
optimum pressure of the headers. This introduce
some work losses, such as the one seen in the optimal
solution of Problem 3 where V'f has to feed a header
having a pressure 0.5 MPa lower. The inclusion of
packpressure turbines to make use of all this lost
work is convenient. The policy adopted in this paper
was to assign thesc stecams to headers having the
highest pressure possible, allowing its utilization in
wrbines before any other demand is satisfied. When a
turbine is included before any injection in headers,
the outlet steam can now feed any header.

V. 6. Alrernative optima and dedicated turbines

In all Process Synthesis problems, the existence
of alternative optima or sub-optimal solutions is of
much interest. The posibility of obtaining many dif-
ferent structures of the same or similar cost to com-
pare, is a situation very appealing to Process Design
Engineers.

Alternative optima having different power loads
W, ; are of great interest in the case of the SPS design
problem. Cost, safety and operability criteria, among
others, can be used to select the best design with
greater degree of freedom. From the point of view
of the assignment of dedicated turbines these alterna-
tive optima may allow the possibility of having res-
triction (27) satisfied, without additional computa-
tions. Since the alternative solutions form a set in
which the power allocation between headers changes
in a continuous manner inside some interval, it is a
simple matter for a process engineer to check if this
power allocation can be made for some subset of
these solutions.

Alternative optima are present when the system
cycle efficiency reaches the maximum value. In the
absence of condensing turbines, the pressure of the

intermediate steam headers P, .. Py ) can vary
freely, giving different sets of optimum Wy ; values,
wit‘hout affecting the system energy load. This can be
casily seen if an energy balance enclosing all steam
headers is done neglecting all variations originated
in turbine efficiency changes. In turn, if the system
FIoes not have maximum cycle efficiency, all changes
in intermediate steam header pressures affect the
value of the power produced in condensing turbines.
This inmediately lowers the efficiency of the cycle.
The same analysis can be done when process steam
demand S; is present. As shown before, increments
in header pressure increase the energy output, and
therefore no alternative optima can exist.

When N = 2, no alternative optima are possible,
since no intermediate steam headers are present in
this case. For the case of three or more headers, once
W, , = 0 is obtained, the values of the intermediate
pressures can vary in a certain range. For the Example
I, relevant values of alternative solutions are shown in
Figure 6. For P, greater than 145 MPa, the
alternative solution having W, , different from zero
takes off, giving slightly higher boiler loads. The heat
load distribution is very similar for both cases, and
only the corresponding to the solution having Wis=0
is shown,

10000 86000
ALTERNATIVE SOLUTION 1~ Wy 2,Ws 3(Wy3 =0) |
WKw) y 2o Wy (W 570) 4 £8.8
7500 Lt totobmt bt 4 At et (1}(\:)‘

:Zk‘/*“:j‘“*~+~+—+;#
5000 - T~aA__, Wiz 483000
W, \A‘A\A\
\2 +/’/% b-ak
2500 i Wo3 .—"* Wiz 4
z/x\‘,‘__:]_A-A——A-——-M-A
! L 1 80000
0860 085 110 135 160
P, {MPa}
32000 R
Kw e =°
24000 |- P o,
2 e o
-
s]
>:&D<D/
16000 O
O/D>< \CLD
#\+ \D\Q1D
8000 - Di\‘\ o,
‘\‘\"“‘-oms
0 i 1 i
060 085 110 135 1680
Po{MPa)
Fig. 6.~ Sclected values of alternative solutions of example

1. 6.a: Boiler load and power allocated to turbines;
6.5: Heat doad and heat demand-distribution.

117




Latin American Applicd Research

Strictly speaking, these alternative optima do
not exist because the turbine efficiencies vary when
inlet pressure and power alloted to each turbine chan-
ge from structure to structure. However, the effect of
these variations on the boiler load is less than 0.016%
for the plateau shown in Figure 6. For practical pur-
poses this can be ignored. This is the reason why this
sub-optimal structures are still called “‘Alternative

Optima”.

IV. 7. Sub-optimal structures

During all the steps of the Fibonacci Search or
the Pattern Search, many solutions of the MOC

ey

182 105-123 (195,

whereas for values of Py over the optimum, W, -
zero in a certain interval. Subtle changes i)n\ bl"V]s
load are observed and they are produced b } Oiler
in the variable demands V! , WB y D Az’}c langes
in the case of the alternative optima, %or ca }appens
of P53 in these sub-optimal solutions, dil‘!‘ercx;‘ Yalue
of P, share the same boiler load. For exam ]leUCS
Py = 0.455 MPa and P, = | MPa, ED = g4 05 }gvr

95000
E?/G,B 74,.4,

(Kw) / )
92000 |- W, , +0 P2 = 1.5Mpo

problem are found. Therefore, one can obtain solu- 89000
tions of the problem that have values of the objective
function slightly above the optimum. For many rea-
sons, these solutions can be of practical interest. Figu- 86000 I~
re 7 shows the importance of such studies. In this fi- S e e R S
gure, the sensitivity of the boiler load E? to changes 33000 : . L
of P5 is shown for the case of Example 1. Below the o031 034 037 040 043
optimum value, a sharp increase of boiler load is ob- F3(MPo)
served basically produced by an increase of Wy, Iie. 7.- Boiler load for subdptimum solutions of example |
0 ¢ .
Table 4.- Sub-oprimum solutions,
(Fxample 3, N = 3)
P, (MPy) P, (MPa) 1* (Kw) V, 2 (Kw) W, 5 (Kn) W, o (Kw)
2. 0.4 96428.3 660.4 6652.4 -
2. 0.4 96433.3 21513 - 5161.5
2.01 0.4 96428.6 664.3 6648.5 :
2.01 0.4 96433.7 2136.0 = S176.7
1.99 0.4 96455.5 659.3 6653.5 -~
1.99 0.4 96765.9 2129.0 -~ 5184.0
2. 0.41 96432.2 621.2 6691.7 -
2. 0.41 96437.3 2139.6 - 5173.3
2. 0.45 96447.9 497.4 6815.9
2. 0.45 964529 2120.0 - 51934
1.95 0.4 96455.0 643.6 6669.2
1.95 0.4 96466.2 2231.7 - 5081.1
1.8 0.4 96453.3 584.1 6728.7 -
1.8 0.4 96466.7 2481.8 - 4831.0
1. 0.4 96464.3 22824 50304 -
I. 0.4 96470.7 4433.2 - 2879.6
gg 0.4? 964717.6 1849.3 5464.0 -
. 0.45 964923 5026.8 - 2286.6
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. obtained. This value barely differs from the opti-
" Om (and two different power Joad distributions
o e the same boiler load. One of them has W, , =
?Bhl%r Kwand W3 = 6486.5 Kw whereas the other has
W, =4919.5 Kwand W, 5 = 2385.0 Kw.

LzFor the case of the Example 3, selected values of
sub-optimal structures are shown in Table 4. Note

that the pair P, = 1.99 MPa, P; = 0.4 MPa is
included as sub-optimal solution even though F, is
now being satisfied by steam supplied by header 1.
The systems find ways to compensate for this
increase in energy flow associated with direct process
steam. In the case where P; = 0.39 MPa the Main
Boiler demand raises to 98554 Kw, indicating that

v§ (144.04 T/h)
Pi=3MPa vy
Qq
(20234 Kw) | 1,2
e 4 (6177.2 Kw)
v P,=0.656 MPa ,
|
=P |
W1,v ) Q :
(8 (1132.4Kw) eyl ;
' IBoILE®) _ o® VB i v
. - @y Vi (56670.Kw) |
, Y(1447/h) ! | (024 T/h)
§ {‘l ““““““““ y VE
{
| (0.01 T/h) /
| Wg(696Kw) | Py i [ SEAERAToR Ta—-L
L*‘@‘“‘J““”“” “““““““““““ (145 T/h)
PUMP
vl (1473 T/h)
P1=3 MPa Y
iy
Q4
r =
('::4174Kw) | Wi,2
e e (72999 Kw)
P,=0.11 MPa y
7
|
|
Q2 !
E? 8 8 =3~ : V0
= |BOILERL _, a1 Vi (424863 Kw) | 3 >
: Y(a7T/n) : (0.2 /h)
e Y Y
| T_L vE
| ! (001 T/h) T Y
| VR3S KW [ DEAERATOR J<—L
L__@,__—L- —————————— (148 T/h)
PUMP

I'ig. 8.—~ Optimal solutions.

Example 1. 8a: N=2;8b:N=3.
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s steam demand F3 with steam

satisfying proces '
der 2 has a strong adverse effect in

coming from hea
the system performance.

The advantage of exploring all these alternative
and sub-optimal solutions to find structures that can
satisfy restriction (27) where dedicated turbines are
appropriately selected, is here transparent. It is very
important to remember that the existence of these
sub-optimal solutions is closely related to the fact
that the system has achieved its maximum efficiency.
Otherwise, the same sharp increase observed in Fi-
gure 7 for pressures Pj below the optimum, occur
1bove this value. Even though the variations observed
in Figure 7 are of the same magnitude as those seen
in the case of alternative optima, the name of sub-
optimal solution was reserved for these structures to
differentiate the origin of these changes. In the case
of the alternative solutions the variations are origina-
ted in changes of turbine efficiencies, whereas in the
case of sub-optimal structure the changes are also ori-
ginated in variable heat and power demands.

V. 8. Interaction with the HEN synthesis problem

When cycle efficiency is one, any increase in the
HEN heat demand produces higher boiler energy
load. Therefore, in this case of maximum efficiency,
HEN minimum utility usage is a necessary optimal

V8 (1324 T/h)

18: 105123 (198,

condition for the combined system. This coingei

with the heuristic used in some HEN designl?lldes
rithms. Other heuristic, which minimizes the nud £
of units, is used to minimize capital costs, Themst;)er
acting as an intermediary of the steam useq fS
heating purposes may increase the minimum numbOr
of heating units. Consider any HEN designed agg, N
ing only one source of heating steam. Since t}e sg)-
has N headers, at the most N-1 additional unjts n .S
arise for each of the specified heaters of the netwoh;(y
It is through this breakage that the minimum H]EN
heat load is mantained satis{ying at the same time {]

power and other demands, without increasing t}:e
Main Boiler load. Note however that the existep :
of alternative and suboptimal solutions for the Slfg
can help in choosing a heat load distribution Q; sy}
that the number of heaters is minimized, T}jlis f)}
course, does not always happen, but when it does
one may obtain a HEN design which satisfies minij
mum utility usage and minimum number of units
Note that the trade-off between area cost and ener .
costs was not considered above. &

When the efficiency of the cycle is not maximum
a trade off is established between the SPS and the
HEN capital costs and the combined system operating
cost. Additionally, in this case the SPS optimal solu.
tion includes condensing turbines and the heat Joad
of these turbines (Qy) can be used to meet HEN heat

P1:3MPO ¥
Q4
{ =3 r =3
(179792 Kw) | Wi,
_______ .
P,=085 MPa {1108 3 Kw)
7 >
|
|
Q, \
= Ir‘“ Y -
. ™ (16627.8 Kw) 1 Wi3
Lo e - (61957 Kw)
e Pa= W
:1» BOILER| 3=0.355 MPa LY
‘ +a? V8 r
l v
| (1.324 T/h) Qs :
| =3 ; V0
(42296.9 K >
{ S Bl A VvE (0.2 T/h)
§ W3(64Kw) : (001 T/h) .
S X DEAERATOR |- — L
PUMP (1.33 T/h)
Fig. 9.~ Optimal solution. Example 2.

120




M. J. BAGAJEWICZ

v8 (1601 T/h)

vis h)

P| =3 MPa
S‘l l T /H,
R {39 Tr/h) (3.4 7T/h)
f =
(21092 aKw) | Wiz
________ -
(6368 7Kw
! P;=0.634 MPo )
[
1 S, v8
i
ge (948 GKVI) : (5 T/h) (484 7T/h)
1 B
BOILER]., o} V¥ (55870, Kw) i v .-
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} ! r ————————— Yy VE : (005 T/h)
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‘——r@‘“— T e S e 12T/m
;_ pUMP B
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——————— w (6604 Kw)
Py:2 MPo
[ (473T/h)
i Sz‘ ) ‘ L7H,
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= ro T Y047 VR
v @ssoaskwt  { J 0| R, e .
g8 oLER py0amPa T (6652.4 k|
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= Tatvt ; Ssy '
\ (15 /0 s : (5T/h) |
i oy ; vy [
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fig. 10. - Optimal solutions. Example 3. 10a: N 106: N = 3:10¢: N = 3 (alternative solution}




Latin American Applied Research

demands. Minimum HEN utility usage may not .be
necessary and the combined system can work with
the same boiler load even if the HEN hefqt consump-
tion is increased over the minimum. This relaxation
of the HEN problem is very important and suggests
further detailed studies. Similarly, when steam
excesses in lower levels of pressures are prescnt, a
non-zero steam letdown Vh # ( can exigt. As m‘thc
case of Q, the heat Qh can be used to mcreasc the
HEN utility usage without increasing the boiler load.
Note however that in both cases, if the temperature
level of these heat excesses is below the pinch point
of the HEN problem, increments of Dt only make
cooling utility loads increase.
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Palabras clave

Sistemas de vapor y potencia - disefio Optimo -
uso racional de energia - sintesis de procesos - disefo
por computadora. '

Nomenclature

a binary variables

D heat demand

d(T)  distribution of the heat demand

E boiler energy consumption

F demand of process steam (flow rate)
f objective function of the MOCFP problem
H vapor enthalpy

h condensate enthalpy

L flow rate of make up

M number of demands

N number of steam headers

P pressure

Q heat load

N flow rate of process steam injection
T temperature

\Y steam flow rate

\ power

Greek letters

a proportionality constant

€ efficiency

r energy flux demand as process steam
n efficiency

A temperature difference

[39]
2]

18: 105-123(]938)

Subscripts
B boiler
D dedicated turbine and deaerator

electrical power

i,j, k headers i, J, k, respectively

L water make-up

S feed boiler water

\% condensing turbine

w boiler feed water pump
Superscripts

B boiler

D dedicated turbine and deaerator
- vapor leaving the deaer or

F flash

G process steam injection demand
H heating steam

l imported steam

L letdown of steam

Min minimum value

R heat recovery boiler

(s) saturation

S process steam injectio

W turbine '
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