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Global Optimization of Heat Exchanger Networks.
Part 2: Stages/Substages Superstructure with Variable Cp
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Oklahoma 73019-0628, United States

ABSTRACT: We extend the formulation of the stages/substages
model described in the first part of this series to account for
variable heat capacity with temperature, whose influence on heat
exchanger network design was not studied. Variable heat capacity
(Cp) frequently arises when streams of high molecular weight are
used, or when temperature ranges are large, such as in petroleum
fractionation, where the range of temperatures in streams spans
more than 100 °C. We solve our model globally using RYSIA, a
recently developed method bound contraction procedure (Comput.
Chem. Eng. 2011, 3S, 446—45S; Ind. Eng. Chem. Res. 2015, 54 (5),
1595—1604). We also tried BARON and ANTIGONE, two
commercial global solvers, but they failed to find a solution.

H —

B

mk = main stage
k= sub stage

bh = branch of hot stream
be = branch of cold stream

1.

INTRODUCTION

Of all the articles devoted to the design of heat exchanger
networks, > very few, if any, have dealt with streams that have
variable heat capacity (Cp), perhaps because it was thought
that using average Cp for streams is a sufficiently good
approximation for design purposes. Figure 1, for example,
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Figure 1. Enthalpy of crude oil (K, = 11.8).°

shows the enthalpy of petroleum (Watson Characterization
Factor (K,,) = 11.8)) as a function of temperature.” The slope,
which is the heat capacity, increases with temperature. This is
consistent with mixtures of high molecular weight.

This feature was pointed out and used in several petroleum
fractionation design papers.é_12

In addition, several methods, especially conceptual design
methods, such as the Pinch Design Method (PDM), have

-4 ACS Publications  © 2017 American Chemical Society

5958

inherent inabilities to be extended to consider it."”'* We discuss
this issue in more detail later.

In dealing with variable Cp, Wu et al."® extended the stages
model to nonisothermal mixing and variable Cp. Flow rate
fraction variables were used to the establish nonisothermal
mixing model, and the heat load of a heat exchanger or a
network stage was calculated by an integral in the variable Cp
model."> They did not use the concept of substages and used
BARON to solve both models.

In turn, Sreepathi and Rangaiah16 dealt with variable Cp, in
single- and multiple-objective retrofitting of heat exchanger
networks. For dealing with variable Cp, the enthalpy of a stream
was expressed as a cubic polynomial of teméperature instead
of using the step jumps of interval approach.'® Minimizing the
total annual cost was the objective for single-objective retro-
fitting, and investment cost and utility cost were used in
multiple-objective retrofitting of heat exchanger networks.

On the other hand, as pointed out and shown in part L' the
heat exchanger network design problem has been difficult to
solve using local solvers, and even some global solvers have
recently shown similar convergence difficulties. If one desires
to approach in a mathematical programming purist form,
one should use a generalized superstructure'® or its extension
to multiple matches.'” However, the purist approach can render
structures that are difficult to implement from the practical
point of view.'” We use RYSIA, a global optimization method
recently introduced, which is based on bound contraction
without using branch and bound.***'
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Figure 2. Stage/substages network superstructure.

This paper is organized as follows: We present the revised
stages/substages model first, discussing critical aspects
(part 1'7). We follow with the modifications needed for
variable Cp. We then discuss changes to the fixed Cp lower
bound model (also shown in part 1'”). We then discuss the
bound contraction strategy next, including the use of lifting
partitions. We then present results.

2. STAGES/SUBSTAGES SUPERSTRUCTURE MODEL

The original stagewise superstructure proposed by Yee and
Grossmann”” was extended to multiple substages™ and solved
globally by Kim and Bagajewicz'® with nonisothermal mixing,
The model is based on the stages/substages shown in Figure 2.

Basically, the proposed stage-/substagewise superstructure
allows stream branching and the split stream to contain more
than one heat exchanger. The original equations for fixed
Cp are shown in part 1."”

3. MODIFICATIONS TO THE STAGES/SUBSTAGES
MODEL

We now add the following parameters to the model (see
part 117):

CphiIN _ aih + bihTiHIN + Cih(TiHIN)Z Vi (1)
CphiOUT — aih + bihTiHOUT + Cih(TiHOUT)Z Vi (2)
Cpe™ = af + BT + (T7N)? v j 3)
Cpe??" = af + BT O + (1O Vi@

We also add the following equations:
Cphy e = a' + b'Th, . + ¢(Th, )" Y i, mk
)

2 .
Cpj i = a; + b Tc; . + (T 1) Vij,mk ()

Cphb, i ok = a + bithhi,mk,bh,k + Cih(Tbhi,mk)z
V i, mk, bh, k (7)

c c c 2
Cpeb, e ik = @5 + ;TG g i+ ¢(TOC g 1 )
Y j, mk, bh, k (8)

Clearly, these equations can be extended to include cubic
terms, logarithm terms, and inverse terms.

4. LOWER BOUND MODEL MODIFICATIONS

The lower bound for constant Cp is based on the partition of
flow rates and differences of temperature. In turn, the LMTD
function image is partitioned using the partitioned temperature
differences. Here we simply add the partition of temperatures as
follows:

h—1
ThD, i i = TiHOUT + M(TiHIN _ TiHOUT)
o phD
V i, mk, bh, k ©)
TOhD, g i e obh = T,-HOUT + M(Tifmf _ TiHOUT)
B obhD
V i, mk, bh, k (10)
-1
TbeD; i pe = T]_CIN + M(T}COUT _ TiCIN)
peD
V i, mk, bh, k (11)
_an , (obc—1) cour  ow
TbC‘Dj,mk,bh,k,abc - 4j + W(T] _ T/ )
V i, mk, bh, k (12)
Thus

Zh ThD, i i VT i iy < Th i
p

S Z ThDi,mk,ph+l.VThi,mk,ph A4 i, mk
ph (13)
z VT i g = 1 Vi, mk
ph (14)
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> TeD; g pe VI ke pe < T e < ) TeD; it pet 1V T ik pe
pe pe
Y j, mk

z vTc;-,mk'pC =1
pC

(15)

v j, mk
(16)

Z Tthi,mk,bh,k,obh'VTbhi,mk,bh,k,obh < Tbhi,mk,bh,k
obh

) TORD, o1 kot +17V TO: ik b, b Vi, mk, bh, k

obh
(17)
D 0Tl e ot = 1 Y i, mk, bh, k
obh (18)
Z TbcD; ik ek obe VIO ik e e obe S TOC ik e i
obc
< Z Tbcr)j,mk,bc,k,nbc+I.VTij,mk,bc,k,abc V]’ mkl bc’ k
obc
(19)
Z VTij,mk,hc,k,obc =1 V], mk, bC, k
obc (20)

We introduce new parameters CphThD;,;, CphTbhD, . px
as the product of temperature and Cp as follows:

CphThD, . i = aihThDi,mk,ph + bih(ThDi,mk,ph)2

h .
+ ¢ (ThDi,mk‘ph)z' Vi, mk (21)
h
CpthhDi,mk,bh,k,obh =4 Tthi,mk,bh,k,obh
h h
+ b (Tthi,mk,bh,k,ubh)2 +¢ (Tl”hDi,mk,bh,k,obh)3
Y i, mk, bh, k (22)
CPCTCIDj,mk,pc = a;Td)j,mk,pc + bjC(Td)]"”’krP”)2
c 3 ;
+ ¢;(TeD, 1. o) Vv j, mk (23)
CpCTbC'Dj,mk,bc,k,nbc = a}'CTbC‘Di,mk;bC;k’abf
+ bjc(TbCD',mk,bc,k,ohc)z + C]‘C(TbCD',Mk/bclk:l’bc)s
Vi, mk, bh, k (24)

Then we rewrite the heat balance equation for the hot streams
in each stage as follows:

QHM; . = Fhi'CPhThi,mk - Fhi'CPhThi,mkH

Vi, mk (25)
and relax CphTh,,,; as follows:
Z CphThD, e iV Th iy < CPHTh,
ph
< D ChThD, i e VT e Vi, mk
ph (26)

In turn we rewrite the heat balance equation for the cold

streams in each stage as follows:
QCM]-,,,,,C = I*”c}-Cchcj,m,c - I*”chchcj’m,chl v j, mk

(27)
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and relax CpcTc;,,;. as follows:

2 CPETED, T
pc

< CpeTe

< z CPCTd)j,mk,pc+IVTCj,mk,pc
pe

v j, mk
(28)

We relax the equation defining AH,,cpnr (AH, i =
Tbhi,mk,bh,kahi,mk,bhCphbi,mk,bh,k> as follows:

Z Z CpthhDi,mk,bh,k,obh'thDi,mk,bh,nﬂnVTbhi,mk,bh,k,ohh'
obh  ofh

VEOR, e b o < AH e b ke < Z 2 CphTOhD, i i obh+1°
obh ofh

thDi,mk,bh,ofh+IVTbhi,mk,bh,k,aththi,mk,bh,ofh

Vi, mk, bh, k (29)
z CPthhDi,mk,bh,k,othTbhi,mk,bh,k,abh < Cpthhi,mk,bh,k
obh
< Z CPhTOhD, . v k b+ 1V TON; sk b1 e o
obh
Y i, mk, bh, k (30)

We now replace the product of binaries by a continuous
Variable WTbthhi,mk,bh,k,abh,ofh = VTbhi,mk,bh,k,aththi,mk,bh,afhf SO
we write the relaxed equation as follows:

2 Z CPhTOhD, i i kot FOND; i i, ot WTOREbR, e o1 1 ot ofh
obh  ofh

< AH, gy < Z Z CPhTOhD, i ik obi+1°

obh  ofh

FOhD, 1 i, o+ 1 WTOREDR, i b1, kb o Vi, mk, bh, k

(31)
WTUhEbh, e v oot < VTOR ik ik obi
V i, mk, bh, k, obh, ofh (32)
WTbhEbh; i v obiofs < VEOR st b of
V i, mk, bh, k, obh, ofh (33)

WTbthhi,mk,bh,k,abh,oﬂz 2 vTbh; iy i obn T Vthi,mk,bh,aﬂz

-1 V i, mk, bh, k, obh, ofh (34)

We do the same for cold streams. We relax the equation as
follows:

Z Z CpCThCDj,mk,bc,k,abc'FbCD/,mk,bc,ofCVTij,mk,bc,k,vchFbcj,mk,hc,ofc
obc ofc

= ACj,f"kll’C;k < Z Z CpCTbCD',mk,bc,k,obc+l'
obc  ofc

FbCDj,mk,bc,ofc+IVTth,mk,bc,k,obCVFbcj,mk,bc,afc v j! mk} bC, k

(3s)
Z CpeTbeD; e be 00V TG ke e b < CPETHE i e i
obc
< Z CpCTbCDj,mk,bc,k,obc+IVTbC',mk,bc,k,obc
obc
Y j, mk, be, k (36)
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Table 1. Data for Example 1

Stream F [kg/s] T, [°C] T, [°C] h [KW/m>-°C]

H1 210 159 77 0.4
H2 18 267 88 0.3
H3 S0 343 90 0.25
C1 90 26 127 0.15
c2 180 118 265 0.5
HU 500 499 0.53
CU 20 40 0.53

Table 2. Cost Data for Example 1

Heating utility cost 100 [$/K]J]
Cooling utility cost 10 [$/KJ]

Fixed cost for heat exchangers 250,000 [$/unit]
Variable cost for heat exchanger area 550 [$/m?]

We introduce a new variable WTbcFbc; ik obeofc
VTG kb obV O migheofiv SO We write the relaxed equation as
follows:

Z Z CPCTbCDj,mk,bc,k,obc'FbCDj,mk,bc,ochTbCFij,mk,bc,k,ahc,afc
obc  ofc

= AC}xmkybC;k < z z CpCde)j,mk,bc,k,abc+l'

Table 3. Parameters of Variable Cp for Example 1

H1
H2
H3
C1
C2

0.16135
0.70678
0.77039
0.25693
0.57327

b c
0.01083 —2.49681 X 107°
0.00334 —5.05484 x 1076
0.00198 —2.46313 x 107¢
0.01445 —5.13029 x 107°
0.00372 —5.25405 X 107¢

Table 4. Global Optimal Solution of Example 1 for Variable

Cr

# of Objective value # of partitions
starting ($) (Upper # of CPU
partitions Bound Gap iterations  convergence Time
2 1,783,727 0% 9 29 min
22s

W1 bCFij,mk,bc,k,ohc < vFbc ,mk,be,ofc

v j, mk, be, k, obc, ofc (39)

WTbCFij,mk,bc,k,obc,ofc P VTij,mk,hc,k,obc + VFij,mk,bc,ofc -1

v j, mk, be, k, obc, ofc

(40)

We rewrite the equations linking AC; ;. ;,.; with the products

obc ofc of temperature, Cp, and flow as follows:
FbC‘Dj,mk,bc,ufc+IWTbCFij,mk,bc,k,uhc,vfc V}’ mk’ bC, k Z AHi,mk,bh,l = FhicphThi,mk V i, mk
(37) bh (41)
WTbCFbS it et obe,ofc S VTV i ek obe D AH, i sanoer = FRCPRTH, ey Vi, mk
) bh
Y j, mk, be, k, obc, ofc (38) (42)
main stage(mk) = 1 ' mk=2
:
sub-stage())=1 | k=2 i k=1 ! k=2
i I i
159°C H1 , : { / ; 77°C
| \/
= : ! \[/ i 553.03 m2
1 J . m-
: 1224.33 m? :
1
! 1| 4866.3 KW ! 81278 KW
I ! I
267°C H2 L ‘ 88 °C
Ex S . ! D
378.01 m2 ! Pl 130484m? || 77.98m?
2329.4 KW I I | 57429KW || 13222KW
! :
T i
343°C H3 () ’ ; (— > 90°C
53.8 b ! | !
: . |
1120.75 m? I ! 963.90m?> |:
9931.0 KW ! ! 3680.4 KW |
| 1 |
i ! i
: ! :
! [ !
I : I
: h ; M\ °
127 °C ; Cl 26°C
i \ i ~ 5937 933
: 1 .
! ! O
i ! ; 33.947
N \ H
! | !
| | | o
265 °C <—@ - - C2 118°C
\ ~ i o8 i 196.1
: 1 :
172.75 m? | I I
11700 KW N 52022 | i
1

Figure 3. Solution network for example 1 with 2 main stages and 2 substages.
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Z AGC, e pe,1 = FeCpeTe vV j, mk Z AGC, e, senok+1 = FeCpeTe iy vV j, mk
be (43) be
(44)
main stage(mk) = 1 ' mk =2
]
1
sub-stage(k)=1 | k=2 | k=1 ! k=2
159°C + > 77 °C
H1 210 | 1 4 I \ 4
H :
[ 1 955.21 m? I | 2262.06 m? 390.10 m?
i ! 4266.1 KW i | 9277.6KW || 5346.5KW
i ! i
267°C H2 @ : i > 88°C
E R . ; D
50280 m? | | \ ! 7147 m2
24446KW | | ! ! 1208.8 KW
: . :
| 1 !
343°C H3 > 90°C
g U ! D
'l 983.86 m? | ! 250.77 m?
I | 105453 KW ! ! 40723 KW
| 1 |
. :
i . i
! :
i i !
| ! |
) ; : ; N 0
127°C ; : : @ - Cl1 26°C
| 1 |
: | H
! 1 !
: ' :
I 1 !
1 ]
! - !
| | | o
265 °C «-@ - - C2 118°C
\ i ~ 14&2%/: ~ i 180
: ] :
173.71 m? | | |
11700 KW % i 31.726 | [
! ! !
Figure 4. Solution network of example 1 for variable Cp.
[}
]
. ]
main stage(mk) = 1 | mk =2
| ! |
sub-stage(k) =1 k=2 ' k= i k=2
159°C - : 77 °C
HI %5 I 1 N I Y Qj
: 1 :
! 1| 1111.69 m? ] 1480.68m2 || 554.11m2
[ 1] 4660.9 kW i | 59269KW || 8149.1 KW
i ! i
267°C H2 : ‘ ( { 5 88 °C
20.4 ! N ! !
! 383.16 m? : l 77.10 m?
I | 2350.7KW 1 ! 1300.9 KW
: . :
i i
343°C H3 M ! : M : o
CT - Se
: ! |
1210.25 m? l | 857.09m? |:
10115.0KW | ! ' 34963 KW |!
| 1 |
i | i
i i |
i ! i
; . ; e\ o
127°C + Cl 26°C
i \ ; ~ 5846y 933
i ! i S
i ! o i 34.617
! ! !
M i ! i 0
265 °C «-@ - - C2 118°C
\\ ~ i usaisfi i 196.1
: 1 H
172.75 m? | | |
11700 KW i 50685 | [
1

Figure S. Solution network of example 1 for Cp = 1.
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CphTh,, and CpcTc;,, are already relaxed in eqs 26
and (28)

5. SOLUTION STRATEGY USED BY RYSIA

After partitioning each one of the variables in the bilinear
terms and the nonconvex terms, our method consists of a
bound contraction step that uses a procedure for elimina-
ting partitions. In the heat exchanger network problems, the
bilinear terms are composed of the product of heat capacity
flow rates and stream temperatures, and the nonconvex
terms are the logarithmic mean temperature differences of
the area calculation. Details of this strategy were discussed in
part 1.

6. EXAMPLES

Our examples were implemented in GAMS (version 23.7
and solved using CPLEX (version 12.3) as the MIP solver
and DICOPT* as the MINLP solver on a PC machine
(i7 3.6 GHz, 8GB RAM). For each example, we choose a low
number of stages and substages. We already showed in part 1'/
what are the effects of using a larger number of stages: as
this number increases, one may eventually find better solutions,
or the same solution with matches taking place in different
stages/substages but essentially corresponding to the same
network.

We also compare with fixed Cp solutions. To make the com-
parison fair, we change the Cp of each stream from constant to
variable in such a manner that each stream undergoes the same
enthalpy change.

Finally, we use pinch technology to obtain the minimum
energy consumption corresponding to each minimum temper-
ature approach and the minimum area. These two calculations
are rigorous. In addition, we do not use any information based
on the pinch design method.

6.1. Example 1. The first example consists of three hot
streams and two cold streams, and it is adapted from Nguyen
et al”® The data are presented in Table 1 and 2. We used a
minimum temperature approach of 10 °C, a fixed cost of
units of $250,000, and an area cost coefficient of $550/m."*
We solved using a two main stages and two substages model.
We assumed that the limit of the number of branched streams
for hot and cold streams was 2.

The globally optimal solution for the fixed Cp model
has an annualized cost of $1,783,257 and was obtained in
the root node of the seventh iteration, satisfying a 1% gap
between UB and LB. The optimal solution network is
presented in Figure 3. We showed alternative solutions with a
different number of substages in part 1'” using the fixed Cp
model. One of these solutions was also obtained by Kim and
Bagajewicz'” using a new generalized superstructure solved
using RYSIA.

We introduce variable Cp. The values of the parameters g, b,
and ¢ are presented in Table 3. These parameters are produced
by varying the temperature, so that the amount of heat is the
same for each stream.

We partitioned flows and temperatures in the bilinear terms
of the energy balances and AT in the area calculations using 2
partitions. Extended partition forbidding (applied only when
the number of partitions increases above 2) is used in the
bound contraction. The lower limits of total area and total
heat of heating utilities in the lifting partitioning are used for
5590 m’ and 11700 kW calculated using pinch analysis.

)24
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Table 5. Data for Example 2

Stream F [kg/s] T,, [°C] Ty [°C] h [kJ/s:m*-°C]
H1 2 160 93 0.06
H2 3 249 138 0.06
H3 4 227 66 0.06
H4 S 199 66 0.06
Cl 2 60 160 0.06
C2 1 116 222 0.06
C3 2 38 221 0.06
C4 S 82 177 0.06
CSs 4 93 205 0.06
HU 38 82 0.06
CU 271 149 0.06

Table 6. Cost Data for Example 2

566,167 [$/(K]/s)]
53,349 [$/(KJ/s)]
5,291.9 [$/unit]
77.79 [$/m?]

Heating utility cost
Cooling utility cost
Fixed cost for heat exchangers

Variable cost for heat exchanger area

Table 7. Parameters of Variable Cp for Example 2

a b c
H1 —0.49215 0.01250 —2.800 X 107°
H2 —0.03388 0.00492 —7.200 X 107
H3 0.36506 0.00454 —8.400 x 107°
H4 0.16632 0.00600 —1220 x 107°
C1 —0.05020 0.00952 —2.370 X 107°
C2 0.68902 0.00580 —9.700 X 107¢
C3 0.60183 0.00480 —1.010 X 107°
C4 —0.22326 0.00850 —1.810 X 107°
CS —0.02567 0.00625 —1.150 X 107°
Table 8. Global Optimal Solution of Example 1 for Variable
Cp
# of Objective value # of partitions
starting ($) (Upper # of at CPU
partitions Bound Gap iterations  convergence  Time
2 99,629,274 0.01% 8 2 17
min
34

The globally optimal solution for variable Cp has an annualized
cost of $1,783,727 using 9 iterations and a 29 min 22 s CPU
time with 0% gap between UB and LB. The results are
summarized in Table 4, and the optimal solution network is
presented in Figure 4.

We obtained a globally optimal solution of 1,786,076 with
0.79% gap using 4 iterations and a S min 10 s CPU time. A very
similar solution network with the fixed Cp model (Figure 3)
is obtained when using Cp = 1, and this optimum solution
network is presented in Figure 5.

We tried to solve this problem usin§ BARON (version
14.4)*” and ANTIGONE (version 1.1)* using their default
parameter choices. None of them rendered a feasible solution.

6.2. Example 2. The second example is 10SP1.>’ This
example consists of four hot and five cold streams, and the data
are given in Tables S and 6. We assumed a minimum tem-
perature approach of 10 °C. The fixed cost of units is $5,291.9,
and the area cost coefficient is $77.79/m2 We solved using the
two main stages and two substages model. We assumed that

DOI: 10.1021/acs.iecr.6b04687
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main stage(mk) = 1 ' mk=2
:
sub-stage(k)=1 ! k=2 i k=1 L k=2
IV ! l
160°C 7 ; o
H1= —3 X ! 93°C
i | i
29°C H2 = j (4) ' (3) L 138°C
! : !
i [ i
. o A | N : .
227°C H3 1 3243 \2/ | 5 ! 9 | CU1 66°C
0757 ' & !
D . 1 N
i : el =
199°C - 10 - 11 cu2 °
H3 . i : ! {cv2) 66°C
! i !
i | i
i i i
160°C ' " ' Cl  60°C
~ ! l ~ ! 2
: ! :
! | !
222°C 4—@ L) ' ) ! C2 116°C
! | ! !
| 1 |
: | :
21°C —) | —() ~C1 s
! 1 !
i : i
177°C : (=) : = C1gc
[ I
| | |
0 N : N 0
205°C C1  93°cC
| -/ : ! 4

Figure 6. Solution Network of Example 2 for Variable Cp.

Table 9. Heat Exchanger Results for Example 2

Area (m?) Q (KW)
HX1 89.332 79.18
HX2 52.390 3345
HX3 20.630 13.93
HX4 291.435 321.14
HXS 672.873 305.64
HX6 467.992 328.15
HX7 243.635 159.56
HXS8 43.989 24.92
HX9 213.117 145.74
HX10 209.611 124.51
HX11 136.632 137.21
CU1 193.731 144.37
CU2 219.394 114.90
HU1 206.147 151.00

the limit of the number of branched streams for hot and cold
streams was 2.

We partitioned flows, temperature, and AT with 2 intervals
and used the extended interval forbidding. Lower limits of
total area and total heat of heating utilities in the lifting
partitioning are used for 3000 m* and 150 KJ/s from Faria
et al.” Upper limits are 50% higher values than lower limits.
If the answer falls between bounds, one can accept it.

However, if it falls on the upper bound, one may want to run
again with larger upper bound(s). We produced the values of
parameters a, b, and ¢ in Table 7 for variable Cp by varying
with temperature so that the amount of heat is the same for
each stream.

The globally optimal solution features an annualized cost
of $99,629,274 and was obtained in the root node of the
eighth iteration, satisfying a 1% gap between UB and LB able
in Table 8. The optimal solution network is presented in
Figure 6.

We also tested with fixed Cp, and we obtained a globally
optimal solution of $99,369,753 with 0.2% gap using 15 min
24 s of CPU time (Table 9). We compared this optimal solution
with the fixed Cp solution from the generalized superstructure
model in Table 10 and Figure 7. Finally, we tried to solve
this problem using BARON (version 14.4)*” and ANTIGONE
(version 1.1)** using the default parameter options. None of
them rendered a feasible solution.

6.3. Example 3. The third example, consisting of 11 hot
and 2 cold streams, corresponds to a crude fractionation
unit. The data is given in Tables 11 and 12. This example was
solved using a 2 main stages and 2 substages superstruc-
ture model. We assumed a minimum temperature approach
(EMAT;) of 10 °C. We also assumed that 4 branched streams
are possible in the cold stream and no branching of the
hot stream. The fixed cost of units is $250,000, and the area

Table 10. Comparing the Variable Cp Model Setting Cp = 1 and the Fixed Cp Model from the Generalized Superstructure

Model"’
Objective value ($) Gap
Variable Cp model (when Cp = 1) 99,629,274 0.01%
Fixed Cp model (superstructure model) 99,636,825 0.9%
5964

# of iterations # of partitions at convergence CPU Time
8 2 17 min 34 s
3 2 22 min 41 s

DOI: 10.1021/acs.iecr.6b04687
Ind. Eng. Chem. Res. 2017, 56, 5958—5969


http://dx.doi.org/10.1021/acs.iecr.6b04687

Industrial & Engineering Chemistry Research

(a) main stage(mk) = 1 " mk =2
!
1
|
sub-stage(k) =1 ! k=2 H k=1 ! k=2
! . L~
160°C —(3 —9 93°C
H1 2.634 | 1 |
H ! H
| 1 !
. ] H
249°C H2 1 - {6 : 138°C
3.162 i | i
: ! H
i 1 i
227°C 2 - - 7 - 10 cul 66°C
s 1IN 243 ! P :
t+ 4 1 |
0.757 : \l/ . :
P L
199°C H3 5 8 - Ccu2 66°C
5319 i }\ 1.449 = /)/
[ HEN XS] T 2
i 1 i
[ ‘ i
1
60°C - C1  60°C
: [ ~ ] I 2286
: ! :
! ' !
; 1 ! | o
222°C «={nu1 L ! C2 116°C
i i i 1.824
! H :
| 1 |
: 1 :
21°C ) - - C1 38°C
- i ' i 2532
i ' i
177°C - ; - Cc1 o osc
i ~ i ~ 5.184
i | i
205°C | . - C1  93°C
: ' : 4.170
160°C  H1 (. 93°C
2.634
~~151.27°C
249° ) 138°C
ey 3 (9 3
27C [ (T (s (72 g(;-. 66°C
TR ) .
—, 103.26°C
3.513 ey L~ 92.14°C
199°C H4 s @_. 66°C
5319 ”\72.4."(‘
1.806 ‘|:
160°C W C1 60°C
~ | 2.286
139°C A~
- ._@ ) 2 uec
J 1.824
I 98.95°C A~ 39.38°C A~ 3 .
21°C ( I (=) o O3 38
177°C @, o C\f 4 82°C
o 5.184
L 173.65°C A~
205°C () {) s 93°C
) v 4.170

Figure 7. Optimal solution networks for example 2 (a) when Cp = 1 for variable Cp and (b) when the fixed Cp was used for the generalized

1
superstructure model."

cost coefficient is $550/m”. The lower limits of total area
and total heat of heating utilities in the lifting partitioning are
used for 8636 m® and 23566 kW, respectively, calculated
using pinch analysis.

Flows, temperature, and AT were partitioned into 2
intervals, and the extended interval forbidding was used
for bound contracting. We produced the values of the param-
eters a, b, and ¢ in Table 13 for variable Cp by varying with
temperature so that the amount of heat is the same for each
stream.
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We found the solution with a 1.4% gap between the UB and
LB in Table 14. The results are summarized in Table 15. The
optimum solution, presented in Figure 8, has an annualized cost
of $3,451,585.

We obtained similar objective values as those of the fixed Cp
model (part 1') and the generalized superstructure model,"”
but we obtained a different solution network (Figure 8).
We tried to solve this problem using BARON (version 14.4)*’
and ANTIGONE (version 1.1)** using the default parameter
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Table 11. Data for Example 3

Stream F[kg/s] T, [C] T [C] H[KW/m*C]
H1 TCR 46.30 140.2 39.5 0.26
H2 LGO 12.70 248.8 110 0.72
H3 KEROSENE 14.75 170.1 60 0.45
H4 HGO 9.83 277 121.9 0.57
HS HVGO 55.08 250.6 90 0.26
Hé6 MCR 46.03 210 163 0.33
H7 LCR 82.03 303.6 270.2 0.41
HS8 VRI1 23.42 360 290 0.47
H9 LVGO 19.14 178.6 108.9 0.6
HI10 SR-Quench 7.66 359.6 280 0.47
HI11 VR2 23.42 290 115 0.47
Cl Crude 96.41 30 130 0.26
C2 Crude 96.64 130 350 0.72
HU 500 499 0.53
CU 20 40 0.53

Table 12. Cost Data for Example 3
Heating utility cost 100 [$/K]]
Cooling utility cost 10 [$/KJ]
Fixed cost for heat exchangers 250,000 [$/unit]
Variable cost for heat exchanger area 550 [$/m?]

Table 13. Parameters of Variable Cp for Example 3

a b c
H1 127 0.011 —3.54 X 107°
H2 1.70 0.004 —629 x 107°
H3 1.28 0.008 -193 X 107°
H4 1.87 0.003 —4.54 x 107°
HS 1.94 0.003 —6.02 X 107¢
Hé6 —0.20 0.013 —2.05 X 107°
H7 —1.41 0.015 —1.74 X 107°
HS —0.31 0.006 —595 % 107¢
H9 0.89 0.010 —2.01 x 107°
H10 1.89 0.004 —4.06 X 107¢
Hi11 1.01 0.003 —4.03 X 107°
Cl1 0.89 0.014 —4.75 x 107°
C2 248 0.001 —2.38 x 107°

Table 14. Global Optimal Solution of Example 1 for Variable
Cr

Objective
# of value ($) # of
starting (Upper # of partitions at
partitions Bound) Gap  iterations convergence = CPU Time
2 3,451,585 1.4% 2 2 24 min 48 s

options. None of them rendered a feasible solution after 24 h of
running.

7. DISCUSSION

We start by remarking that the objective functions of the
variable Cp and fixed Cp are similar, even though the structures
can be different. One might think then that it is not worth
solving using variable Cp because of such similar cost. We now
explain why the similarities in cost arise: As we stated above, to
make the comparison with a constant Cp case, we adjusted the
coefficients to keep the overall heat released or absorbed by
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Table 15. Heat Exchanger Results for Example 3

Area (m?) Q (KwW)
HX1 515.97 1834.6
HX2 343.83 32779
HX3 2904.71 12761.9
HX4 482.84 5405.4
HXS 993.55 7933.0
HX6 67.59 2782.5
HX7 334.78 3327.8
HX8 594.63 6037.0
HX9 29.58 529.9
HX10 57.27 1948.9
HX11 208.98 4409.6
CU1 1086.88 10721.7
CU2 11.27 1893.9
CU3 464.76 8461.1
CU4 30.69 923.8
HU1 408.63 23566.0

each stream the same. If the same EMAT is used, under
conditions where the energy cost is dominant, then the
likelihood of the temperature difference being equal to EMAT
in at least one exchanger is very high. Under these conditions,
both networks, the one with variable Cp and the one with fixed
Cp, will have the same energy consumption (a minimum
corresponding to HRAT = EMAT). In addition, an optimal
solution for each of the networks will show a pattern as close
as possible to vertical heat transfer (using pinch design
terminology). Thus, the costs are very likely going to be
similar. Yet the structure may not be. This was already
discussed by Bagajewicz and Valtinson.'* In a nutshell, the
structure obtained is likely to be different because pinch
technology considers an average Cp and therefore at the end
there is a violation of the minimum approach. The difficulties
of thipinch design method are further explored by Bagajewicz
etal”

8. CONCLUSIONS

We extend the stages/substages model in part 1' to include
variable heat capacity with temperature in the heat exchanger
network model and to solve globally using RYSIA, a newly
developed global optimization procedure based on bound
contraction (without resorting to branch and bound). Con-
sidering variable Cp is needed to build a stages/substages model
in which all streams have temperature-dependent heat
capacities. For the lower bound, we use relaxations based on
partitioning one variable of bilinear terms. We also partition
domain and images of monotone functions, a methodology that
avoids severe reformulation to obtain bilinear terms when such
reformulation is possible. We also use recently introduced
lifting partitioning constraints,”” and lower values of total area
and total heat of heating utilities for lifting partitions from
pinch analysis (examples 1 and 3) and our previous research”
(example 2) are used to improve the lower bound value as well
as its computational time. Our examples proved that variable
Cp can be adopted in the stages/substages model and can be
solved with similar computational difficulty to that of the fixed
Cp model (in part 1'7). We also found that our method is
able to obtain results when BARON and ANTIGONE had
serious difficulties (they do not obtain a feasible solution).
Finally, there is a need for a new set of methods to accelerate
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convergence when a small gap is achieved, research that is left SBNOK Number of sub stages
for future work. Fh; Heat capacity flow rate for hot stream
FSJI Heat capacity flow rate for cold stream
B AUTHOR INFORMATION THN Inlet temperature of hot stream
Corresponding Author THOUT Outlet temperature of hot stream
*E-mail: bagajewicz@ou.edu. Telephone: +1-405-325-5458. T Inlet temperature of cold stream
ORCID TouT Outlet temperature of cold stream
N 1
Miguel Bagajewicz: 0000-0003-2195-0833 Tey Inlet temperature of cold utility
U Outlet temperature of cold utility
Notes IN s
The authors decl o ol Thu Inlet temperature of hot utility
e authors declare no competing financial interest. HILJIT Outlet temperature of hot utility
N . . .
B NOMENCLATURE Cph; Variable heat capacity of inlet temperature
of hot stream
Sets Cph?vT Variable heat capacity of outlet temperature
i Hot process stream of hot stream
j  Cold process stream CpchN Variable heat capacity of inlet temperature
mk Stage of cold stream
bh  Hot stream branch CpchUT Variable heat capacity of outlet temperature
bc  Cold stream branch of cold stream
k  Substage Coar. Variable cost coefficients for heat exchangers
ofh Heat capacity flow rate partitioning point for hot stream Chired Fixed cost coeflicients for heat exchangers
ofc Heat capacity flow rate partitioning point for cold stream CUcost Hot utility cost
ph  Main-stage temperature partitioning point for hot stream HUcost Cold utility cost
pc  Main-stage temperature partitioning point for cold stream EMAT Exchanger minimum approach different
obh Substage temperature partitioning point for hot stream FhD, i o Discrete point of the partitioned flow rate
obc Substage temperature partitioning point for cold stream of hot stream
lhx Hot side temperature differences partitioning point FbcD, o Discrete point of the partitioned flow rate
nhx Cold side temperature differences partitioning point of cold stream
Parameters ThD i Discrete point of the partitioned temper-
NOK Number of main stages ature of main-stage hot stream
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TCDj,mk,pc

TbhD, . b obh

Discrete point of the partitioned temper-
ature of main-stage cold stream

Discrete point of the partitioned temper-
ature of substage hot stream

TbeD, i bk obe Discrete point of the partitioned temper-
ature of substage cold stream

CphThD, .y Discrete point of the partitioned CphTh,

CpcTeD, e Discrete point of the partitioned CpcTc;

CphTbhD,,ih1obn Discrete point of the partitioned
CphTbh,

CpcTbeD, i porope  Discrete point of the partitioned
CpeTbe; e

ThD i,j,mk,bh,bek,lhx

TCDi,j,mk,bh,hc,lgnhx

Discrete point of temperature differences in
hot side of heat exchanger
Discrete point of temperature differences in
cold side of heat exchanger

Binary Variables
Zij kb bk Binary variable to denote a heat exchanger
zcu; Binary variable to denote a cold utility
zhu; Binary variable to denote a hot utility
VEbhD, e  Binary variable related to the partitioned hot
stream substage flow rate
VFbcD i por  Binary variable related to the partitioned cold
stream substage flow rate
VThD Binary variable related to the partitioned hot
stream main-stage temperature
VIeD, i pe Binary variable related to the partitioned cold
stream main-stage temperature
vIbhD, .y phiopn  Binary variable related to the partitioned hot
stream substage temperature
vTbeD, i peiobne  Binary variable related to the partitioned cold
stream substage temperature
YHXGj e pcjine  Binary variable related to the partitioned hot
side temperature differences
YHX, kb jcjnh Binary variable related to the partitioned cold
side temperature differences
Variables
Qi bh bk Exchanged heat for (i, j) match in stage mk on
substage k
qeu; Cold utility demand for stream i
qhu; Hot utility demand for stream j
HA,, Total exchanged heat in stage mk
QHM, Total exchanged heat for hot stream i in stage
mk
QH,,.pn Total exchanged heat for branch bh of hot
stream i in stage mk
qHK, e i Exchanged heat for branch bh of hot stream i in
stage mk on substage k
AHi,mk,hh,k Product Of Tbhi,mk,bh,k and thi,mk,bh
A, Total exchanged heat in stage mk
QCM, 1 Total exchanged heat for cold stream j in stage
mk
QC, ke Total exchanged heat for branch bc of cold
stream j in stage mk
9CK, i bk Exchanged heat for branch bc of cold stream j in
stage mk on substage k
ACj,mk,bc,k Product of Tbcj,mk,bqk and Fbc',mk,bc
Cphy i Variable heat capacity of hot stream for main-
stage
Cpe; i Variable heat capacity of cold stream for main-
stage
Cphb, .pni  Variable heat capacity of hot stream for substage
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Cpeb, g bk Variable hear capacity of cold stream for
substage

Th, Temperature of hot stream i on the hot side of
main stage mk

T¢; i Temperature of cold stream j on the cold side of
main stage mk

Tbh; i bk Temperature of branch hot stream i on the hot
side of stage mk

The;up ok Temperature of branch cold stream j on the
cold side of stage mk

CphTh,,.; Product of Th;,, and Cph,,;

CpcTc; Product of T¢;, and Cpc;,i

CphTbh, 11, Product of Tbh;,. 1. and Cphb,,i .1

CpcTbeiper  Product of The,px and Cpebppei

Fbh, g 1, Heat capacity flow rate of branch hot stream on
the stage mk

Fb; i e Heat capacity flow rate of branch cold stream
on the stage mk

ATh;jipmpex  Hot side temperature difference

ATc;jipmper  Cold side temperature difference

ATcy; Cold utility temperature difference

AThuy; Hot utility temperature difference
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