CHAPTER IV
RESULTS AND DISCUSSION

4.1 Formulation of MINLP Single Period Model

4.1.1 Model Components
A single period model was developed based on stage-wise
superstructure proposed by Yee and Grossmann (1990). GAMS has been used to
implement the model. Because the model is an MINLP involving linear binary
variables, linear and non-linear continuous variables, so DICOPT was selected as a
solver to solve the problem. This model subjected to minimize total annualized cost
(TAC) where the trade-off of capital cost, area cost, and utility cost has been done
simultaneously.
The components of a model in GAMS are shown as follows;
4.1.1.1 Sets
Sets are indices in algebraic representations that are used to
identify the domain of a specific group of data. For example, i indicates hot stream i
and;j indicates cold stream;.
4.1.1.2 Data
Data is the input design parameters of the problem such as
inlet/outlet temperatures, heat capacity flowrates, heat transfer coefficient, and
economic parameter. There are several ways for data entry in GAMS such as
declaring Parameter, Tables, or Scalars.
4.1.1.3 Variables
Variables are the decision variables which are optimized and
determined by GAMS such as inter-stage temperatures, heat load, areas, and
topology. It consists of hinary variables and continuous variables.
4.1.1.4 Equations
Equations are the statements that express relationship between
data and variables. The model has both equality constraint and non-equality
constraint.
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4.1.1.5 Model and Solve Statement
Model is the collection of equations declared by a chosen
name and the solve statement will call for solver in order to solve the problem
corresponding to objective of optimization (maximizing or minimizing).
4.1.1.6 Qther Components
These GAMS’s components are optional which are Display
statements and Assignment of bound and/or nitial values.

4.1.2 Assumptions
The MINLP type of model has more complexity and non-convex than
the other types because of non-continuous and nonlinear functions in model. Hereby,
some assumptions have to be made for simplicity.
4.1.2.1 lsothermal-mixing
In any stage, if the streams are splitted and pass through more
than one exchanger, when they return to mix again before going to the next stage,
they must have the same temperatures.
4.1.2.2 Constant Heat Capacity Flowrates
Heat capacity flowrate is a fluid property which is a function
of temperature. Thus, in reality, the heat capacity flowrates in HEN would have been
unconstant, but the constant heat capacity flowrates are assumed to reduce
complexity of the model because the temperatures of the streams are changed and
optimized throughout the model solving.
4.1.2.3 No Stream Bypass
Every splitted stream is needed to pass a heat exchanger. The
important reason is that it cannot be splitted and mixed without passing any heat
exchanger because of the assumption of isothermal-mixing.
4.1.2.4 No Split Stream Passing Through more than One Heat
Exchanger
The splitted streams are allowed to pass through only one
exchanger. A series of heat exchangers for a splitted stream is not included.



4.1.2.5 Utilities are Places at the End o fEach Stream
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The utility exchangers are placed at the end of each stream

only. The inter-stage utility is not included.

4.1.3 Formulations

The MINLP single period model consists of a series of equations as
expressed below from Eq. 4.1-4.26. For more detailed description of each equation,

See section 2.2.3.2.
’4.1.3.1 Overall Energy Balance ofEach Stream

[Thin(0 - Thout(i)].FCph(i) =y Y q(i,jk)*qeu(0 iEHP
kesrjeep

[Tein(j) - TeoUt(d)].FCpc(d) = X | q(.ijk) +qhu(0 je CP
keST ieHP

4.1.3.2 Energy Balance at Each Stage

[th(i, k) —th(ik + DIFCRA() =y g(ijk) KEST,iEHP
jeep

[tc(j, k) - te(j, k + D). FCpeij) =y q(ij k) k EST,) ECP
ieHP

4.1.3.3 Assignment ofinlet Temperatures
Thin(i) = th{i, 1) iEHP

Tein(j) = te(i, Nok + 1) ye cp



4.1.3.4 Monotonie Decrease in Temperatures
th(i, k) > th(i, k + 1) keST,ie HP
te(j.k) > te(ik + 1) k EST,j ECP
th(iNOK + 1) > TTiout(i)  ieHP
TCoutd) > te(j, 1) ' JECP
4.1.3.5 Hotand Cold Utility Loads
[th(i, NOK + 1) —ThOUt(i)].FCph(i) = qeu(i)  iEHP
[Tcout(jl - tc(j,)].FCpc(d) = ghu(j) JECP
4.1.3.6 Logical Constraints
q(.ijk)- Qup.z(i,jk) <0 TEHPjECPk EST
geu(i) —Qup.zcu(i) <0 £eHP
ghu(j)—Qup.zhu(j) <0 yecp

where z(i j.k),zcu(i),zhu(i) € {0.1}
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4.1.3.7 Minimum Approach Temperature Constraints

dt(i,j, k) < th{i, k) - te(j, k) + DTup. (I - z(i,j, k))
i EHPjECPkEST (4.16)

di(i,j, k + 1) < th(i, K+ 1) = te(j, k * 1) + DTup. (1 = z(i.j. k))
i EHPjECP KE ST (4.17)

dtcu(i) < th{i, NOK + 1) —TculUt + DTup. (I —zcu(0) i £ HP (4.18)
dthu(J,p) < Thuout- tc(j, I,p) + DTup.(I = zhu(0) ;6 CP (4.19)

4.1.3.s LogMean Temperature Difference

ij i | Vs
LMTD(i,j,k) = dt(i,j, k). dt(i,j, k + 1).dt(|,J, k) +dt(ij, k + 1)

i EHP) 6 CPkEST (420)

13

LMTDHUQ): dthur(j). dthuHj). AT Y . GCP (4.21)

| 13
LMTDCU (i) = dteurif), dicul(i) Srcort) xateul(i} one (42



4.1.3.9 HeatExchanger Area Calculations

. q(i,j,k) : :
Area(i,j, k) > LMTD(ij k). (i) |EHP,jECPkEST
. qhuij) :
ArealiM) > o uing). unU ) J ECP
: qeu(i) :
AreaCU (i) > . . | E HP

LMTDCU(i). ucu (i)

4.1.3.10 Objective Function

min TAC = AF y y cr.z(i,j.k) y Cf.zcutQ
HP jeep keST

cy.zliu(/)l + AF. | I | C.Area(i,j,ky
jeep HU ieHP jeep keST

+AF. C.AreaHLHJ)8 + AF. ~ C.AreaCU(iY
jeep ieHP

+ A Ceugeu(i) + ~  chllghu(j)
ieHP ieep

3

(4.23)

(4.24)

(4.25)

(4.26)

The set of all formulations shown above would be used as original model

for extension to other models in both sequential and simultaneous approaches. It was

approved by a simple simulated case study which illustrated that the model could run

properly.
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4.2 Sequential Approach for Multiperiod HEN Synthesis

4.2.1 Algorithm
Multiperiod HEN synthesis usually results from the assembly of HEN
from each period. The concept of this proposed sequential method is that HEN will
be generated for each period separately by using either original MINLP single period
model or modified model from section 4.1. Figure 4.1 shows the proposed sequential

approach algorithm.

Choose period P;

v

Synthesize HEN for period P; using
MINLP single period model to generate HEN-i

A

Do HEN adaptation by mddel X (A, B, or C) I
for period P; where j#i to generate HEN-1-X

Y

Do HEN integration of HEN-1 and set of HEN-i-X;
to generate muliperiod HEN-iX candidate

Figure 4.1 Algorithm of sequential approach for multiperiod HEN synthesis.
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4.2.1.1 Single Period HEN Synthesis

In this step, the MINLP single period model from section 4.1
is used to generate an initial HEN for period Pj. Note that, for multiperiod problem,
there are stream properties for more than one period, but only one of those periods
will be chosen to be the input data for this step. For example, as illustrate in Figure
4.1, period Pjis used as the starting point. For simplification, this generated HEN is
so-called HEN-i which means HEN for period Pj.

4.2.1.2 HEN Adaptation

This procedure is to adapt and apply the existing initial HEN
from the previous step by maintaining the structure as much as possible. As a result,
the adapted HEN will be able to operate for the particular periods. Hence, the input
stream data for this step is the data of remaining periods (Pj) besides period F] There
are three different modified models can be used in HEN adaptation which are model
A, B, and C. As mentioned before, each model was modified from original MINLP
single period model from section 4.1. They have different algorithms, but mainly
retain the structure of the initial HEN. The principles of those three modified models
are described as follows:

A. Model A

Model A is the MINLP single period model with fixed

process exchanger area. The principle of this model is to keep the same topology and
area of process-process exchangers only. The location of existing utility exchanger is
also similar to initial HEN. But while solving, model A will allow new utility
exchanger to be added and some of utility exchangers may need to switch between
hot and cold utility when changing the operational periods. The objective function of
this model is to minimize total additional area of utility exchangers as shown in Eq.
4.27.
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Total additional area = y» MaX [OlAreaH U_new(j) —AreaHU old(j)]
jeep
+y max [0,AreaCU _new(i) —AreaCU old{i)]
ieHP
(4.27)

B. Model B
Model B is the NLP single period model with fixed
exchanger topology. The concept of this model is to maintain the old structure of
initial HEN and not to allow the addition or removal of any heat exchangers.
However, some heat exchangers may have to change their areas to satisfy heat
balance. The objective function of this model is least square of area change as shown
in Eq. 4.28.

Total area change = 11 I [Area_new(i,j, k) —Area_old(i,j, k)]
ieHP JECP kesr

+y  [AreaHU _new(j) —AreaHU _old(j)]2
jeep
+y [AreaCU new(i) —AreaCU old(i)]2

(4.28)

c. Modeéle
Model c is the NLP single period model with fixed
exchanger topology. This model is indeed similar to model B except the objective
function. The objective function of this model is to minimize additional area and
does not take into account the change of reduced area. The equation is illustrated in
Eq. 4.29.
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Total additionaIIel 1
max [0,Areajiew(},j, k) —Area_old(i,j,k)]

IEHP jeep keST
+ " max [0lAreaHU new(J) —AreaHU old(j)]
jeep
+ max [0,AreaCU _new(i) —AreaCU old(i)]
itlfp
(4.29)

Note that in these three modified models, the other variables
such as temperatures and heat loads are not fixed. Thus, they may have to change due
to the variation of each period condition. And because these variables do not directly
affect the cost of HEN, they are not included in the objective function.

From Figure 4.1, after HEN-i is adapted in the second step, it
is named as HEN-i-Xj, where X refers to the modified model which can be either A,
B,or C and j means that HEN is designed for period Pj.

4.2.1.3 HEN Integration

From HEN synthesis and HEN adaptation steps, HENs for
each particular period are generated. Definitely the plant would not like to build all
ofthose HENs for each period. Therefore, they have to be integrated to obtain a HEN
which can operate for every condition. This is so-called multiperiod HEN-iX where i
indicates the chosen period Pjin HEN synthesis step and X represents the modified
model being used in HEN adaptation step. The integration can be done by using
these two concepts:

A. Every match that exists at least one time in any period has
to exist in multiperiod HEN. In other words, every heat exchanger that is needed in
each period will be included in multiperiod HEN even though it is used for only one
or less than N period.

B. Considering the area of each exchanger in multiperiod
HEN, the maximum required area among all period will be selected. Because if the
maximum area is not used, the area may not enough for heat to transfer in the period

which requires more heat load.
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When multiperiod HEN is obtained from HEN integration
step, the actual TAC has to recalculate by using Eq. 4.30:

TAC = AF y cf.z(i,j,k)+y y Cf.zcuiQ+ y vy Cf.zhuij)

IeIP]eIp kIsr ieHP eu jeep HU
C.Area_max(i,j,k)B + AF. y C.AreaHU max(J)B
jtep

ieHP jeep kesr

+AF.y c.AreaCU _max(i)B+ vy y chughu(j,p)
ieHP pePR jeep

v DOp(p)y v ~

p%PR TOP iléHP

(4.30)

4.2.2 Case Study

The case study was adapted from Verheyen and Zhang (2006). It is
the vacuum gas oil (VGO) hydrotreating unit in oil refinery. This unit can
simultaneously treat some impurities such as sulfur and convert some fraction of
VGO to more valuable products. Hydrotreating is a catalytic reaction. The catalyst
used in the process will gradually deactivate until a certain time before regeneration.
During the deactivation, rate of reaction will decrease. Therefore, to compensate the
deactivation of catalyst, the increase of temperature will help keep the reaction at
approximately the same rate. In this case study there are three periods which are
start-of-run (SOR), mid-of-run (MOR), and end-of-run (EOR). The change of
temperature in each period will cause the variation of outlet compositions and
flowrates.

Table 4.1,4.2, and 4.3 shows stream properties for period SOR, MOR,
and EOR respectively. Since the data of heat transfer coefficient was not provided, it

will be assumed. Furthermore, the duration of each period is assumed to be equal.



Table 4.1 Stream properties for SOR

Stream

HI
H2
H3
Cl
C2
C3
C4
HU

cu

Inlet
temperature

(
393
160
354

12

62
220
253
400

15

Outlet
temperature
(°C)
60
40
60
356
210
370
284
399
20

Table 4.2 Stream properties for MOR

Stream

HI
H?2
H3
Cl
C2
C3
C4
HU
cu

Inlet
temperature

(
406
160
362

12

62
220
250
400

15

Outlet
temperature
(°C)

60

40

60
365
210
370
290
399

20

Heat capacity
flowrate
(kW /K)

201.6
185.1
137.4
209.4
141.6
176.4
294.4

Heat capacity
flowrate
(kW /K)
205.0

198.8
136.4
210.3
141.0
175.4
318.7

41

Heat transfer
coefficient
(kW /m2.°C)

2.0

2.0

2.0

15

15

2.0

2.0

2.0

1.0

Heat transfer
coefficient
(kW /m2.°C)

2.0

2.0

2.0

15

15

2.0

2.0

2.0

1.0



42

Table 4.3 Stream properties for EOR

Inlet Outlet Heat capacity Heat transfer

Stream temperature temperature flowrate coefficient

( (°C) (kW /K) (kW /m2.°C)
HI 420 60 208.5 2.0
H?2 160 40 175.2 2.0
H3 360 60 1341 2.0
Cl 72 _ 373 211.1 15
C2 62 210 140.5 15
C3 220 370 174.5 2.0
C4 249 286 271.2 2.0
HU 400 399 - 2.0
cu 15 20 : 1.0

For the economic parameters in cost evaluation, hot and cold
utility cost are 115.2 $/kW.yr and 1.3 $/kW .yr, respectively. Annualization factor is
0.2 which corresponds to 10 years of project life time and 15% prevailing rate of
interest. The exchanger minimum approach temperature (EMAT) is 5°c. The capital

cost of heat exchanger is calculated using Eq. 4.31.

Heat exchanger cost = Cf + CA(Area)B (4.31)

Where Cf is fixed cost of heat exchanger = 8333.3

$/exchanger and Ca is area cost = 641.7 $/m (2B) and B is area exponent = 1.



4.2.3 Results
4.2.3.1 Determining the Best Modelfor HEN Adaptation
Since there are three modified models can be used to adapt the
initial HEN in HEN adaptation step. Firstly, the best model should be investigated.
Thus, in HEN synthesis step, one of three periods will be chosen as the controlled
variable. The mathematical model was implemented on GAMS 21.4 with
DICOPT2X-C (CONOPT3 and CPLEX 9.0) as MINLP solver. The_ computer
platform is Lenovo Y450 with Intel® Core 2 Duo T6400 CPU at2.0 GHz.
A. Generated Initial HEN
From the case study, the second period (MOR) was
designated as a controlled variable to synthesize the initial HEN. Because it
represents the average value among every period, it should be suitable to be the
controlled data for determining the best model for HEN adaptation step. In Figure
4.2, HEN-2 for MOR was generated by using MINLP single period model.
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Major iteration = 3 cycles
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Figure 4.2 Grid diagram of HEN-2.



B. Adapted HENS

Based on initial HEN or HEN-2, it was adapted by
entering the some required information of HEN-2 and stream data of period Pi
(SOR) and P3 (EOR) into the modified models which are model A, B, and ¢. Some
variables such as areas and topology were fixed depending on strategy of each
model. Therefore, in this step, there were two more HENs for each modified model
(HEN-2-A, and HEN-2-As for model A, HEN-2-B1 and HEN-2-Bs for model B,
HEN-2-C) and HEN-2-Cs for model C). Grid diagrams of adapted HENs are shown

in Figure 4.3 to 4.8,
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Figure 4.8 Grid diagram of HEN-, -C:.

C. Integrated HEN
In this step, three HENS for each period of each method
will be integrated to get a multiperiod HEN. For example, HEN-2, HEN-2-A), and
HEN-2 -As will be merged by gathering matches that exist in at least one period and
maximum area among all-periods. The multiperiod HEN-2A, 2B, and 2C are shown
in Figure 4.9, 4.10, and 4.11 respectively.



Multiperiod HEN-2A

48

—0
H <)

0

2
3

8
o
3

~
é :
3
680 1 m' ‘
3249 m’ Q
E 661 m’
sg72m’
356 1 m’ “
] 7520 m
4
12900 m’
ﬁ, 08 m :’

Figure 4.9 Grid diagram of multiperiod HEN-2A.
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Figure 4.10 Grid diagram of multiperiod HEN-2B.



Multiperiod HEN-2C
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Figure 411 Grid diagram of multiperiod HEN-2C.

D. Discussion

Table 4.4 shows the information of multiperiod HEN-2A,
2B, and 2C. It was found that multiperiod HEN-2C, where modified model ¢ was
used in HEN adaptation step, gave the lowest TAC at $2,747,294 per year.

Table 4.4 Results of multiperiod HEN from each method

Multiperiod
HEN-2A
No. of heat
16
exchangers
Total area (m?2) 6,814.5

Fixed cost (8/yr) 26,666

Area cost ($/yr) 874,573

Utility cost ($/yr) 2,011,953
TAC ($iyr) 2,913,193

Multiperiod

HEN-2B
13

1,085.8
21667
909,397
1,823,201
2,154,264

Multiperiod
HEN-2C

13

6,805.6
21667
873432
1,852,1%
2,147,294
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When using model A for HEN adaptation, it was quite a
complex model because of some issues. First, sometimes it might need hot utility in
some hot streams and similarly cold utility in some cold streams. This issue should
not have occurred because the overall requirement of utility will increase. But this
was inevitable because many variables, such as topology and areas of process-
process exchangers, were fixed. So the remaining relaxed variables were area and
topology of utility exchangers including the types of utility. However, if those
nonconventional utility exchangers were not allowed to switch between hot and cold
utility, the model'would not be able to obtain any feasible solutions. Second, some
equations of monotonie temperatures had to be neglected due to the allowance of
nonconventional utility exchanger. Moreover, the researcher had to find these
nonconventional streams manually because the model cannot find them by itself and
it was quite difficult and complicated to identify them.

Model B is more relaxed than model A, hence there is no
such nonconventional streams that require the switching of hot and cold utility on the
same stream. Since the objective function of model B is least square of area change,
the model will try to distribute the change of area to every heat exchanger. Even
though the area changes are forced to be as small as possible, the total required area
of HEN is more than other models and this causes lowest utility cost. Moreover, it
was observed that the areas of heat exchangers are all changed from initial HEN.

Although model ¢ is quite similar to model'B, it yielded
different solution. It was observed that this objective function would force the model
to keep the areas of heat exchangers remain the same value as much as possible. The
areas of some heat exchangers would be increased only if it was necessary. So the
total area required is lowest, while the utility cost is moderate.

To conclude, model ¢ was the best model for HEN
adaptation. Not only because it yielded the lowest TAC when compared to other
models, but also there were only some of heat exchangers that needed to be changed
while operating. This can be done by bypassing streams when the need of area is
|lower than the maximum area. And there is also no concern about switching between
hot and cold utilities. From these reasons, the sequential approach accompanying
model ¢ was the best method to synthesize a robust multiperiod HEN.
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4.2.3.2 Finding the Best Solution by Applying Sequential Method with
the Best Modified Model
From 4.3.2.1, model ¢ is the most robust modified model for
HEN adaptation. In this section, it was applied again, but the chosen period for initial
HEN synthesis was varied by every period so that multiperiod HEN-1C, 2C, and 3C
were obtained. Finally, one of the multiperiod HENs would be designated as the best
multiperiod HEN from sequential approach. The overall procedure is shown in
Figure 4.12.

/7 1

1=i+]

\ 4

Synt}lesize HEN for period P; using
MINLP stage model to generate HEN-1

h 4

Do HEN adaptation by model C
for period P; where j#i to generate HEN-i-C;

Y

Do HEN integration of HEN-i and set of HEN-i-C;
to generate muliperiod HEN-iX candidate

no

Select the best candidate of multiperiod HEN-iC

Figure 4.12 Overall procedure of sequential method by using model c.
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A. Generated Initial HEN
From case study, all of three periods were separately used
as a chosen period for generating initial HEN in the first step. Figure 4.13, 4.14, and
4.15 shows grid diagrams solved by MINLP single period model for period SOR,

MOR, and EOR, respectively.
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Figure 4.13 Grid diagram of HEN-1,
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B. Adapted HENS
From the initil HENS, they were adapted by using
modified model ¢ where topology of process exchanger was fixed. The entry of
stream properties was from the remaining periods besides the chosen period in HEN
synthesis step. For instance, if the chosen period is period 1 the data entry for HEN



adaptation will be period 2 and 3. Therefore, for this case study, there were two more
HENs for each chosen period (HEN-I-C. and HEN-1-C. for period 1, HEN-2-C] and
HEN-2-Cs for period 2, HEN-3-C] and HEN-5-C. for period 3). The grid diagrams
of adapted HENS are shown in Figure 4.16 to 4.21.
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C. Integrated HEN

of

Again, three HENS which based on each chosen period
(for instance; HEN-1, HEN-I-C., and HEN-I-Cs) were assembled to be multiperiod
HEN-IC. The multiperiod HEN-1C, 2C, and 3C are shown in Figure 4.22, 4.23, and

4.24 respectively.
Multiperiod HEN-1C
° | o -l ° o
- - -~ ' @ 2
§ ; % : £ {
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Figure 4.22 Grid diagram of multiperiod HEN-1C
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Figure 4.23 Grid diagram of multiperiod HEN-2C.



Multiperiod HEN-3C
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Figure 4.24 Grid diagram of multiperiod HEN-3C.

D. Discussion

Table 4.5 shows the summary information of multiperiod
HEN-1C, 2C, and 3C. It was found that multiperiod HEN-3C, where period 3 (EOR)
was the chosen period for initiall HEN synthesis, yielded the lowest TAC at

$2,733,340 per year.

Table 45 Results of multiperiod HEN with different starting period for initial HEN

Multiperiod Multiperiod

HEN-1C HEN-2C
No. of heat 1 3
exchangers
Total area (m2) 6,836.8 6,305.6
Fixed cost($/yr) 18,333 21667
Area cost (/yr) 877,436 873,432
Utility cost ($/yr) 1,878,620 1,852,195

TAC (1) . 2,774,389 2,747,294

Multiperiod

HEN-3C
10

6,894.5
16,666
884,840
1,831,833
2,133,340



59

It is quite complicated to discuss why using period 3 as the
chosen period could give the best solution. There are many relevant factors to be
considered.

Firstly, because the utility cost is relatively high when
compared to the capital cost; therefore, the network which has lowest utility
consumption especially hot utility will tend to have lowest TAC as shown in table
45,

Secondly, the efficiency of area usage might have affected
the best solution. The efficiency of area usage means how much available area can be
used while operating. If the area of heat exchanger from initial HEN design is totally
used in other periods, in that case it will have maximum efficiency because there is
no need to increase area anymore. In other words, the efficiency means how fit the
initial HEN is when it is operated in other periods. However, after calculating the
efficiency of area usage, the result is the average efficiency for multiperiod HEN-1C -
2C, and 3C are 96.1%, 94.6%, and 94.3% respectively. Although the efficiency of
area usage for multiperiod-3C is lowest, it can still give the best solution. It may be
because the effect of utility cost dominates the area cost.

Lastly, the duration of each period should have effect on
the best solution. It was anticipated that the period which has longest duration will
tend to be more suitable chosen period for generating initial HEN because the
network that is based on the longest period will be operate at its maximum efficiency
for most of the time. But for this case study, it was assumed that the duration of each

period is equal, so it was unable to discuss for this issue.

4.3 Developing a Multiperiod Model for Simultaneous Approach

431 Formulation of MINLP Multiperiod Model
An MINLP multiperiod model was developed based on stage-wise
superstructure model by following the modified model of Verheyen and Zhang
(2006) including set of bounding equations. Since the MINLP multiperiod model
was developed from MINLP single period model in section 4.1, some modifications

were made as follows.



A. Add set p which is the index for period p.

B. Input stream properties of every period.

60

C. Add p as another dimension for most parameters and variables

that depend on period.

D. Add variables Area_max for representing the maximum area

among all periods.
E. Adjust bounding.
F. Include equation for determining Area_max.

G. Change the calculation of utility cost so that it depends on

duration ofeach period.

The MINLP multiperiod model for simultaneous approach consists of

a series ofequations as shown in Eq. 4.32-4.60.
4.3.1.1 Overall Energy Balance ofEach Stream

[Thin(i,p) - ThOWi,p)].FCph(ip) = I I q{i,j,k,p) + Qeuop)

kesr jeep
| EHP,p £ PR

[Tcin(J,p) - TcOUt(j,p)].FCpe(j,p) = I I q(is).k,p) + ghu(i,p)
kesrieHP

j ECP,p E PR

4.3.1.2 Energy Balance at Each Stage

[th(i,k,p) - th(i,k + Ep)].FCph(i,p) = v q(i,j,kp)
jeep
k£ST,ie HP,p EPR

[te(d.k,p) - te(Ik + 1p)].FCpc(,p) = v q(i.j.k.p)
k'p
k GST,j £ CP,p GPR

(4.32)

(4.33)

(4.34)

(4.35)



4.3.1.3 Assignment ofInlet Temperatures

Thin(i,p) = t/z(i,l,p) IEHP,pEPR

Tcin(j,p) = tc(i,NOK + 1,p) JECP,pEPR

4.3.1.4 Monotonie Decrease in Temperatures

th(ik,p) > th(i.k +1,p) K EST,i EHP,: EPR

te(d.k,p) > te(ik + 1,p) k EST,j ECP,pEPR

th(i,NOK + I,p) > Thout(i,p)  iEHP,p EPR

TCout(j>p) ~ tc(j,\,p) ] ECP,p EPR

4.3.1.5 Hot and Cold Utility Loads

[th(i,NOK + 1,p) - ThOUfi,p)].FCph(i,p) = qcu{i,p)
i EHP,p E PR

[Tcout(j,p) - te(j,l,p)].FCpe(j',p) = ghu(d,p)
j ECP,p6 PR

6l

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)
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4.3.1.6 Logical Constraints
q{i,j.k,p) - Qup.z(i,j k) <o ge HP,j ECP k EST,p EPR (4.44)
qeufi, p) - Qup.zcu(Q < o i EHP,p EPR (4.45)
ghu(j,p) - Qup.zhu(j) < o jECP,p EPR (4.46)
Z2(1,],k),zcu(i),zhu(i) 6(0,1}
4.3.1.7 Minimum Approach Temperature Constraints

dt(i,j,k,p) < th(ik,p)- tc(3,k,p) + otup.(1 - 2(i,j,k))
iEHPjECPKEST,p EPR (4.47)

dt(i,j.k +1,p) < th(i, k + 1,p) - te(j,k + I,p) + DTup.(1 - z(i,j k))
te HPJ ECP Kk EST,p EPR (4.48)

dtcu(i, p) < tfa(i, AlO/C + 1,p) —TcuOUt + DTupl (I —zcu (0)
IEHP,pEPR  (4.49)

dthu(J,p) < ThuOUt - tc(J,1,p) + DTup. (I - zhu(0)
JECP,pEPR (450)



63

4.3.1.8 Log Mean Temperature Difference

LMTD(i,j, k,p)  [dt{i,j, k p).dt(i,j, k + I,p)

dt(i,j, k. p) + dtfi,j, k & 1,p) B
2 J
| e HP,j ECP k G57,pe Pfl (4.51)

LMTDHU(j, p)

dthur(j,p) + dthul(J,p)*"
2

7GCP,p GPR (4527

dthur(j, p). dthul(j,p).

dtcur(i,p) + dteul{i,p) "
2

i GHP,p Gpp (4.53)

LMTDCUf.p)  dtcur(i,p). dtcul{i,p).

4.5.7.9 Heat Exchanger Area Calculations

i i GHP,j GCP,k
Areai), k) LM fiM o) e (4.54)
G57
-ArectHLHJ) ] GCP (4.55)
AreaCU(i) qeull,p) | G HP (4.56)

LMTDCU(i,p). ucu(i)
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4.3.1.10 Determining Maximum Area among all Periods

Area_max{i,j,k) > Area(i,j,k) | EHP,jECP,kKEST,pEPR (457)
AreaHUjnax(j) > AreaHU(j) j ECP,p EPR (4.58)
AreaCU-max(i) > AreaCU (i) I EHP,p EPR (4.59)

4.3.1.11 Objective Function

minTAC - AF y v v cf.z(i,j,k) +y y Cr.zcu(i

XKoo 1
f.zliu())j+ AF. I C.Area_max{i,j, ky

jeep HU IeHP jeep kesr

tAF.y c.AreaHU max()B+ AF.y c.AreaCU_max(i)B

jeep ieHP
V. DOop(p) vV ~ 1 ,.A v DOP
A U0'P Iu cm i
EPR 188 jeep g 10 acwlip)
(4.60)

4.3.2 Results

The case study is jsimilar to the one that was used in sequential
approach. The difference between sequential and simultaneous approaches is that the
MENLP multiperiod model of simultaneous method will concurrently solve the
problem which has stream properties of all periods. Thus, The HEN adaptation and
HEN integration procedures were excluded.

Table 4.6 shows the results of multiperiod HEN synthesized by
MINLP multiperiod model and the best HEN from sequential approach in the
previous section. And Figure 4.25 shows grid diagram for multiperiod HEN of

simultaneous method:
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Table 4.6 Comparison of multiperiod HEN from sequential and simultaneous

approach
Sequential approach
o Simultaneous approach
(Multiperiod HEN-3C)
No. of heat
10 10
exchangers
Total area (m?2) 6,894.5 6,899.7
Fixed cost ($/yr) 16,666 16,666
Area cost (8/yr) 884,840 885,515
Utility cost ($/yr) 1,831,833 1811172
TAC ($lyr) 2,133,340 2,713,354
Simultaneous MINLP - Multiperiod HEN i)
i
o <) A )
74ng
Adng
1
\P
£ e £ . Bt
8 I
% Qe
1
I0n
e © <

Figure 425 Grid diagram of multiperiod HEN synthesized by simultaneous

approach.

It was found that the solution from simultaneous approach was better
than that of sequential method in term of economy. Because the simultaneous
method took into account all of three periods while solving for the optimal

multiperiod HEN, thus the obtained network was not trapped in sub-optimal solution
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like sequential method. However, this is a small case study, so the objective function
of simultaneous approach was improved by just 0.74% when compared to sequential
approach. Furthermore, if the structure of HEN in Figure 4.25 was considered, the
topology of HEN from simultaneous method was likely to have less complication
since there was not any splitted stream in the network, while there was one splitted

stream existing in the best HEN from sequential approach.

4.4 Application to Crude Preheat Train in Crude Distillation Unit

Another case study which was carried out to ensure the performance of the
proposed method is crude distillation unit in crude oil refinery plant. It is one of the
multiperiod problems in chemical processes. Because refinery plants usually
purchase various kinds of crude oil from many resources and sometimes blend it
together, it will result in different compositions of crude oil. In this study, the
simultaneous approach was applied to the case study to synthesize grassroots HEN
for crude preheat train. The case study was simulated by using PRO/II with the data
taken from Pejpichestakul (2013). After that, the necessary data was collected from

the simulation

4.4.1 Case Study Simulation

The simulated case study is crude distillation unit with preflash drum
in oil refinery plant. There are total 11 streams comprising of 8 hot streams and 3
cold streams. The CDU operates under three types of service; Troll (light crude),
Forozan (medium crude), and Souedie (heavy crude). The crude oil assay data of
each crude type is shown in Table 4.7-4.9. The distillation curves or TBP (true
boiling point) curves based on the crude assays were plotted as displayed in Figure
4.26.



Table 4.7 True boiling point data of light crude

Percent Distilled Temperature (°C)
2.2 15
5.6 65
11.9 100
22.8 150
32.3 200
41.8 250
53.2 300
63.5 350
67.2 370
80.2 450
86.5 500
91.0 550

Table 4.8 True boiling point data of medium crude

Percent Distilled Temperature (°C)

13 15
6.3 75
18.0 145
33.0 230
56.8 375
80.6 560

81.2 565



Table 4.9 True boiling point data of heavy crude

Percent Distilled

13.9
15.3
16.7
19.4
22.0
24.7
27.5
29.0
30.4
36.3
37.8
39.4
40.9

Temperature (°C)

140
150
160
180
200
220
240
250
260
300
310
320
330

43.9
45.4
46.9
48.3
49.8
51.2
58.3
61.7
65.1
68.4
11.7
13.7

Distillation Curves

Heavy Crude
API gravity = 23.12

Medium Crude
APl gravity = 30.19

YCumulative Volume of Distillate

Figure 4.26 Distillation curves of each crude oil.

Percent Distilled  Temperature (°C)

350
360
370
380
390
400
450
475
500
525
550
565

Light Crude
APl gravity = 35.87

68
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The API gravity data and influent flowrates are shown in Table 4.10.

The assay light end composition of each crude oil is shown in Table 4.11.

Table 4.10 Crude used for simulated case study

Crude API
Light crude 35.87
Medium crude 30.19
Heavy crude 23.12

Table 4.11 Lightend composition of crude

Throughput
(m3h)
795
795
795

Vol%
Compound _ _
Light crude Medium crude Heavy crude
Ethane 0.22 0.01 0
Propane 0.58 0.28 0.07
i-Butane 0.39 0.26 0.13
n-Butane 1.04 0.97 0.63

In the CDU, crude oil is first heated up to 125 °C and then fed to the

desalter in order to remove salt in crude oil by dissolving in water. After salt

removal, it is heated up again to 170 °C which is the operating temperature of

preflash drum. The overhead vapor-phase product from flash drum is fed directly to

the distillation column, and the bottom liquid-phase product is further preheated by

crude preheat train and furnace to raise the temperature up to 370 °C before entering

the fractionation column. Figure 4.27 illustrates the simple flow diagram of CDU

with preflash drum.
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Figure 4.27 The crude distillation unit with preflash drum.

For the column specification, products are specified by using ASTM
D86 (5-95 gap and 95% point). The product specification data, overflash rate, feed
tray, and withdrawal tray are shown in Table 4.12. The locations of draw and return
tray for pump-around and side stripper are shown in Table 4.13. The initial value,
condenser outlet temperature, heat rate and return temperature of pump-arounds are
illustrated in Table 4.14.



Table 4.12 Products specifications

Product Specification
Naphtha D86 (95%point) = 182 °c
Kerosene D86 (95%point) = 271 °c
Diesel D86 (95%poaint) = 327 °c
AGO D86 (95%point) =410 °c
Overflash rate 0.01
Kerosene-Naphtha (5-95) Gap=17.2°c
Diesel-Kerosene (5-95) Gap=10.6"°c
AGO-Diesel (5-95) Gap =-34 °c
Feed tray
Total trays

Table 4.13 Column feed and sice draw tray information

Number of Plates

Number of trays (Side Strippers)

Pump-around 1(PAZ) Draw

Pump-around 1 (PA1) Return

Pump-around 2 (PA2) Draw
(PA
(PA3

S—

Pump-around 2 (PA2) Retum
Pump-around 3 Draw
Pump-around 3 (PA3) Return
Kerosene Side-Stripper Return
Diesel Side-Stripper Return
AGO Side-Stripper Return
Crude Feed

vvv

n

Withdrawal tray

Tray 4
Tray 2
Tray 12
Tray 10
Tray 2
Tray 19
fray 8
Tray 16
Tray 26
Tray 29

1
9
i
28



Table 4.14 Column utilities information

Variable

Kerosene Stripper Steam at 260 °c, 4.4 atm

(kg/hr)

Diesel Stripper Steam at 260 °c, 4.4 atm (kg/hr)
AGO Stripper Steam at 260 °c, 4.4 atm (kg/hr)

Main Steam at 260 °c, 4.4 atm (kg/hr)
Overflash

Condenser Temperature

Pump-around 1 (PA1) Return Temperature
Pump-around 2 (PA2) Return Temperature
Pump-around 3 (PA3) Return Temperature
Pump-around 1(PA1) Heat Rate
Pump-around 2 (PA2) Heat Rate
Pump-around 3 (PA3) Heat Rate

12

Value
Light ~ Medium  Heavy
crude  crude  crude

5225 8325 8186

20165 20806 22175
28430 18600  1696.0
3493
1%
32.22°C
104.44 °c
148.89 °c
232.22 °c
117 MW
8.8 MW
8.8 MW

From the simulation, the stream properties were extracted after
running completely. Stream properties, which consist of inlet and outlet temperature,
heat capacity flowrates, and heat transfer coefficients, are shown in Table 4.15-4.17.
The capital cost of heat exchanger is demonstrated in Eq. 4.61.

capital cost of heat exchanger ( ) = 26,460 + 389 *Areafm?2) (4.61)

The process operates 350 working days with the period of 100, 150,
and 100 days for light, medium, and heavy crude, respectively. The project life time
of 5 years and prevailing rate of interest of 10% were assumed. Hot and cold utility
costs are $134/kW and $6.7/kW, respectively. The exchanger minimum approach

temperature (EMAT) of 5 °c was used.



Table 4.15 Stream properties of light crude (Troll)

Stream

H
H)
H3.
Ha
Hp
Hp
HT
Hg
Cl
C2
C3

FCp
(KWC)
12102
6991
98,60
10522
67.76
49,64
5998
13533
38057
134.3)
585,63

Tin
(C)
201.17
274.71
321.17
32.22
234.40
213.17
326.40
341.73
25.00
125.00
166.64

Tout

(
10444

143.89
232.22
30.00
30.00
30.00
30.00
30.00
125.00
170.00
370.00

h

(KWim2°C)
1293
1318
1298
1058
13%
1423
1343
0892
0654
0632
0.758

Table 4.16 Stream properties of medium crude (Forozan)

Stream

HI
H2
H3
H4
Ho
Ho
H7
H8
Cl
C2
3

FCp
(KWC)
1258
71.80
10136
0197
5,28
U7
19
210,12
3757
44370
587,80

Tin
(C)
198.28
271,63
319.12
32.22
22557
269.78
326.26
351.39
25.00
125.00
168.84

Tat
(C)
10444
14889
2222

30.00-

30.00
30.00
30.00
30.00
125.00
170.00
370.00

h
(kw/m2 C)
1.092
1.235
1.270
1.253
1.394
1431
1413
0.888
0.652
0.630
0.782
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Table 4.17 Stream properties of heavy crude (Souedie)

FCp Tin Tout h
KNFC) (C) Q) (KWim2wC)
HI 13207 19331 104.44 1075
H2 7403 267.77 14889 1221
H3 10443 31669 23222, 1210
H4 057 3222 3000 1309
H5 46.81- 22136 3000  13%
H6 2933 26357 3000 1438
H7 3246 32200 3000 1419
H8 26865 35352 3000 0826
Cl 39224 2500 12500 0651
C2 44976 12500 17000  0.630
C3 55577 16781 37000  0.780

Stream

4.4.2 Results
4.4.2.1 HEN Synthesis by Simultaneous MINLP Multiperiod Model

The refinery case study of CDU is relatively larger scale than
the adapted case study from Verheyen and Zhang (2006) since it has more process
streams and different time in each period. The solution of multiperiod HEN was
obtained in 326,667 seconds by using Acer Intel® Core 2 Quad Processor Q6600
(24 GHz). The MINLP multiperiod model, which was used to solve this case study,
included some additional constraints which are minimum and maximum of both hot
and cold utilities required. These equations are quite similar to boundings for total
heat load. Thus, they led to the reduction of computational time. The minimum
utilities required were obtained by constructing the composite curves of each period
by using HRAT (heat recovery approach temperature) equal to 0 c. For the
maximum utilities required were calculated by summing up total enthalpy of hot
streams (for cold utility) or cold streams (for hot utility). The composite curves for



each period are shown in Figure 4.28-4.30. The result of multiperiod HEN for crude
preheat train was demonstrated by grid diagram as illustrates in Figure 4.31.

Composite Curve for period 1 (Light crude)
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Figure 4.28 Composite curves of period 1 (Light crude).

Composite Curve for period 2 (Medium crude)
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Figure 4.29 Composite curves of period 2 (Medium crude).
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Figure 430 Composite curves of period 3 (Heavy crude).

The TAC of multiperiod HEN for the refinery case study was
$9,141,912 per year. There were 21 process exchangers and 8 utility exchangers. The
total area of heat exchanger was 15,029 m2. It demonstrated that the simultaneous
MINLP multiperiod model could perform well and gave a satisfactory solution for
large problem. Even though this problem was more complex, it did not require any
initial feasible solution before solving. When the computational time was concerned,
it spent 644,2-11 seconds (- 7.5 days) to solve the problem which has 11 streams.
While the small case study of VGO taken from literature with 7 streams spent only
318 seconds to solve. It could be seen that the computational time was considerably
sensitive to the number of streams because it caused the number of single equations,
single variables, and discrete variables to increase exponentially.
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4.4.2.2 Model Improvement by Initialization Technique

Due to the overmuch time spent on solving the refinery case
study, the initialization technique was adopted. Basically, initialization technique is
advantageous to computational time usage and/or solution improvement.

In this study, the principle is to eliminate all nonlinear
equations in MINLP multiperiod model so that it becomes an MILP model. Then the
MILP model is used to preliminary solve to-obtain rough solution which may close
to the optimal solution. This preliminary result from MILP will be use as the initial
value for every variable in MINLP multiperiod model. Therefore, the MINLP model
will start solving from that initial point instead of beginning with upper and lower
bound of each variable.

A. Initialization Strategy

The strategy of initialization technique is to modify all
nonlinear equations to linear equations. In the simultaneous MINLP multiperiod
model, the area and LMTD (log mean temperature difference) calculation are
nonlinear equations. First, in LMTD calculation as illustrated in Eq. 4.62, its
nonlinear terms are from the multiplication of temperature differences and the power
number of /3, These LMTD variables were replaced by constant values which were
called average LMTD (ALMTD). Second, for the area calculation as shown in Eg.
4.63, It was considered as nonlinear function because there is a division of variable
q(1k,p) by variable LMTD(ijk.p). Now that the variables LMTD(ijk,p) were
replaced by ALMTD(1,},p); therefore, the area equation would become-a linear
function.

LMTD (i,jk,p) = [dt(i,j.k.p).dt(i,j.k + Lp)
dt(i,j, k,p) + dt{i,j, k + 1,p) (462)
! 2 J

Area{ij, k) = (4.63)



B. ALMTD calculation Methodology

ALMTD is a constant parameter calculated for each
specific match of hot stream i and cold stream j. Firstly, with the assistance of
potential program developed by Siemanond and Kosol (2012), optimum HRATS of
each period were identified. Secondly, composite curves for each period were plotted
with the use of obtained optimum HRAT. Then the composite curves were divided
into many temperature intervals ( ). In each interval, the LMTD was calculated by
using Eq. 4.64 which is real LMTD.

1,, fth(iky - te(j,k)] - [th(i,k + 1y - tc(j, k + 1)]
Yy = I mw-tcakW - -

[t/i(i,/r + 1) — tc(j,/c + 1)]
(464)

For every match of hot stream i and cold stream j, the
ALMTDs were obtained by calculating weighted average value of LMTD and heat
load (q) in overlapped region as shown in Eq. 4.65.

ALMTD (iij, pj\ — YJNP; (ﬂi)j' LpM_T‘)[_D.LE.’-_) (4_65)

C. Results

The ALMTD values of every possible match in each
period are shown in Table 4.18 for process-process streams and Table 4.19 for
utility-process stream. For the matches which have ALMTD equal to EMAT, it
means that those matches have no overlapped zone in the composite curves.
Flowever, in real situation, it is impossible for heat to exchange between those
matches. Thus, the values of binary variables which indicate the existence for these
matches could be preset as 0.



Table 4.18 ALMTD of match hetween process streams in each period

Streams
HI Cl
HI C2
HI C3
H2 Cl
H2 C2
H2 C3
H3 Cl
H3 C2
H3 C3
H4 Cl
H4 C2
H4 C3
H5 Cl
H5 C2
H5 C3
H6 Cl
H6 C2
H6 G3
H7 Cl
H7 C2
H7 C3
H8 Cl
H8 C2

H3

C3

Period 1
(light crude)
220
168
177

165
283

452

198
168
2.2
198
168
281
198
168
3.1
198
168
413

ALMTD ( C)
Period 2
(medium crude)
234
157
137
EMAT
153
. 225
EMAT
EMAT
3.5
EMAT
EMAT
EMAT
239
157
165
239
157
22.3
239
157
0.7
239
157
310

Period 3
(heavy crude)
21.6
163
134

16.0
189

216

30.7
163
150
30.7
163
186
30.7
163
238
30.7
164
-282

80
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Table 4.19 ALMTD of match between process stream and utilities in each period

ALMTD (°C)
Stream  Utility Period 1 Period 2 Period 3
(light crude) ~ (medium crude)  (heavy crude)

HI ol 194 194 194
H cu 1239 1239 1239
H3 CU 201.2 201.2 207.2
H  CU 102 128 - 161
HS CU 102 128 161
Hb  CU 102 128 161
HT '+ CU 102 128 161
H  CU 102 128 161
HU Cl 375.0 375.0 375.0
HU C2 330.0 330.0 330.0
HU C3 403.7 389.3 3712

After executing the modified MILP multiperiod model with
these ALMTDs, the solution was taken further to be used as the initial value for
MINLP multiperiod model. The grid diagram of generated HEN by MINLP
accompanying with initialization is illustrated in Figure 4.32. Its investment cost in
TAC was $9,130,627 per year. There were 21 process exchangers which was equal
to the number of process exchanger from HEN without initialization technique. But
the number of utility exchanger was only 4 which was less than that from HEN
without initialization. The summary results of HEN with and without initialization
technique is illustrated in Table 4.20. It demonstrated that the time resource required
was decrease substantially by over 70 % when using the initialization strategy.
Moreover, it showed that the model with initialization could generate better
multiperiod HEN design than that without initialization. The TAC was improved by
0.12 %. It was obviously because the initial value obtained from MILP initialization
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model was able to lead the direction of searching algorithm of solver to the better
optimal solution due to the use of suitable starting point.

Table 4.20 Summary result of HEN with and without initialization for refinery case
study

Without With
Parameter e .
Initialization  initialization
No. of heat % 2
exchangers
Total area (m2) 15,029 16,079

Fixed cost (fyr) 202,578 174,636
Area cost ($/yr) 1,543,422 1,651,209
Utility cost ($fyr) 7,395,913 1,304,782
TAC (8lyr) 9,141,913 9,130,627
644,221 163433

Time resource () (~75days)  (~L9 days)
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Figure4.3z Grid diagram of multiperiod HEN for crude preheat train with initialization technique.
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In order to confirm the performance of the proposed
initialization strategy in term of its benefit to reduce computational time, another
implementation of MINLP with initialization technique was carried out. The case
study was the same refinery case study except that the time durations for light,
medium, and heavy crude were changed to 150, 50, and 150 days, respectively. The
summary result is shown in Table 4.21. The time resource required was decreased
from 932,021 (without initialization) to 2,337 seconds (with initialization). The
reduction of the time resource was even more than the last case study; however, the
change of time duration for each period does not relate to the required computational
time because itjust changes the solution space. From the result, it can bhe concluded
that the proposed initialization strategy could help reduce the computational time
considerably with acceptable result of multiperiod HEN. It is possible to obtain better

solution by allowing the model with initialization to run for longer time.

Tahle 4.21 Summary result of HEN with and without initialization for another
refinery case study

W ithout W ith
Parameter e >
initialization initialization
No.ofheat
30 22
exchangers
Total area (nr) 15,433 15,814
Fixed cost($/yr) 209,563 153,680
Area cost ($/yr) 1,584,933 1,624,078
Utility cost ($/yr) 7,396,134 7,418,977
TAC ($/yr) 9,190,631 9,196,735

Time resource () 932,021 2,337
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4.4.2.3 Validation ofHEN

The final procedure of HEN synthesis for refinery case study
was to validate the best obtained solution and apply back in the process simulation
on PROJII. This step would ensure the feasibility and reliability ofthe result from the
proposed model in the real process. The data of heat exchanger areas and topology
were used in the simulation.

Due to the assumption of constant heat capacity flowrates, it
was found that some modifications had to be made because the outlet temperature of
the process streams, which do not have utility exchangers installed at the end, did not
reach the desire temperatures. Hence, some exchanger areas had to be changed by
using controller tool in PRO/II to adjust the values of area. Moreover, one utility
exchanger was added at the end of stream H3. The final applicable HEN was
illustrated in Figure 4.33.

After validation, the TAC was recalculated because the area of
some heatexchangers were changed and one more heat exchanger was added into the
multiperiod HEN. Table 4.22 shows the new summary result and TAC after

validation.

Table 4.22 Summary result of multiperiod HEN after validation

Multiperiod HEN

Parameter L
after validation
No. of heat
26

exchangers
Fixed cost ($/yr) 181,621
Area cost ($/yr) 1,498,283
Utility cost ($/yr) 729,955

TAC ($/yr) 8,979,499
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Figure4.33 Grid diagram ofvalidated HEN for crude preheat train with initialization technique.
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