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Figure S1. Temperature intervals derivation for m-MILP problem.

Nomenclature

T p: the first source-temperature from hot streams ranked in temperature descending order
T3y the second source-temperature from hot streams ranked in temperature descending order
T3y the third source-temperature from hot streams ranked in temperature descending order
T3 .: the first source-temperature from cold streams ranked in temperature descending order
T3 .: the second source-temperature from cold streams ranked in temperature descending
order

T3 . the third source-temperature from cold streams ranked in temperature descending order
AT, i : Minimum temperature difference

HI: hot stream 1

H2: hot stream 2



C1: cold stream 1

C2: cold stream 2

S: Steam

W: Water



Example 1 without multiple utilities



Table S1. Source and target temperatures, C value, and the multiple utilities for Example 1.

S Target
ource arge C
Stream Temperature T* | Temperature T' Reference
kW °C!
Cl 60 180 3
(Seider, Seader,
C2 30 130 2.6 Lewin, &
HI 180 40 2 Widagdo,
2009)
H2 150 40 4
(Chang, Chen,
MPS 280 280 Wang, & Feng,
2017)
(Stijepovic &
S 170 170
Linke, 2011)
(Seider et al.,
BFW 110 110
2009)
(Chang et al.,
W 15
2017)




Table S2. Adjusted temperatures using the Temperature Interval method for Example 1 with
ATmin=10 °C.

Adjusted temperatures
Stream T5(°C) T'(°C) |C (kW °Ch)
TS(OC) Tt(oc)
Cl 60 180 3 60 180
C2 30 130 2.6 30 130
H1 180 40 2 170 30
H2 150 40 4 140 30




Table S3. MER targets and the pinch value using the Temperature interval method for
Example 1.

Cascaded enthalpy with
Temperature 2.Ci-).Ce Enthalpy Cascaded the heat value for the
intervals (°C) (kW °C) (kW) enthalpy (kW) Medium-pressure steam
(kW)
260
180 170 -3 -30 -30 30
170 5140 -1 -30 -60 0
140 130 3 30 -30 30
130 60 0.4 28 -2 58
60 30 3.4 102 100 €160

“Medium-pressure steam value
bPinch temperature for cold streams
“Water value
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Figure S2. Temperature intervals for Example 1.




Table S4. Energy balances for Example 1.

No. Stream Energy balances
1 Rypsa + Quescia = Quipsa
MPS
2 QMPS,C1,2 - RMPS,l = Qlll-/IIPS,Z
3 Ry12 + Quiciz = Qi1z
4 Ry1s + Quicis + Quiczs = Qff1s
H1
5 Ru1a + Quicza + Quiwa — Ry1z = Qff1a
6 QHlWS_RHlél-:leS
7 Ruz3 + Quzciz + Quaczz = Qffas
8 H2 Ryza + Quzc24 + Quzwa — Ruz3z = Q2
9 QH2,W,5 - RH2,4- = ng,s
10 QMPS,Cl,l = Qg1,1
11 Cl Qmpsciz + Quiciz = Qg1,2
12 Quic13 T Quzc13 = Qg1,3
13 Quic23 + Quzc23 = Qcc‘z,3
C2
14 Quic24a T Quzc2a = ng,4




15 QH1,W,4 + QH2,W,4 = QIEVA-
16 Quiws + Quzws = thv,s
17 Qiipsa + Qitps2 = 60 kW
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Table S5. Variables to solve the energy balances for Example 1.

No. Variable
1 RMPS, 14
2 QMPS,C1,1¢
3 QMPS,1"H*
4 QMPS,C1,2¢
5 QMPS,2"H*
6 QHI1,C1,2?
7 RH1,2°
8 QH1,C1,3?
9 QH1,C2,3?
10 RH1,3?
11 QH1,C2,4°
12 QHI1,W 4°
13 RH1,4°
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14 QH1,W,5°

15 QH1,5"H?

16 QH2,C1,3¢

17 QH2,(2,3¢

18 RH2,3¢

19 QH2,C2 4¢

20 QH2,W 4¢

21 RH2,4¢

22 QH2,W,5¢

23 QH2,5"H¢

24 yS-C14

25 y(H1-C1) above pinch?
26 y(H1-C1)_below_pinch?
27 yH1-C24
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28 yH1-W¢

29 yH2-C1¢
30 yH2-C2¢
31 yH2-W¢

Continuous variables related to “MPS utility stream, “H1, and “H2 hot streams. “Discrete
variables regarding possible heat exchange between the streams involved in the HEN. The
objective function is the minimization of the sum of the discrete variables mentioned above.
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Table S6. Constant parameters to solve energy balances for Example 1.

No. Parameter Value (kW)
1 QH1,2"H 60
2 QH1,3"H 160
3 QH1,4"H 60
4 QH2,3"H 320
5 QH2,4"H 120
6 QC1,1C 30
7 QC1,2"C 90
8 QC1,3~C 240
9 QC2,3~C 182
10 QC247C 78
11 QW ArC 105.46
12 QW,5"C 54.55
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Table S7. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 1.

No. Parameter Value (kW)
1 UMPS-C1) = min(60;120) 60
2 U(H1-C1)_above pinch = min(60;90) 60
3 U(H1-CI) below_pinch = min(160;240) 160
4 U(H1-C2) = min(220;260) 220
5 U(H1-W) = min(220;160) 160
6 U(H2-C1) = min(320;240) 240
7 U(H2-C2) = min(440;260) 260
8 U(H2-W) = min(440;160) 160
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Table S8. Restrictions describing heat exchangers between utilities and streams from
Example 1.

No. Heat exchanger Restrictions

1 MPS-C1 Qmpsci1 + Qmpsci2z — Ymps—c1Umps—c1 < 0
Quic11 T Quici2

2 (H1-C1)_above pinch
- (YHl—Cl)above_pinch(UHl—Cl)above_pinch <0
Qnic13

3 (H1-C1)_below_pinch
- (YHl—Cl)below_pinch(UHl—Cl)below_pinch <0

4 H1-C2 Quic23 T Quic24 — Yui-c2Un1-c2 <0

5 HI1-W Quiwa + Quiws — Yur-wUp1-w < 0

6 H2-C1 Quz,c13 = Yu2—c1Unz-c1 < 0

7 H2-C2 Quzc23 + Quzc24 — Yuz—c2Unz-c2 < 0

8 H2-W Quzwa + Quzw,s — Yuz-wUpz-w < 0
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Table S9. Unit name, heat exchanging streams, interval, and the value found using the Solver
tool from Microsoft Excel® for Example 1.

Unit
Heat exchanging streams Heat exchange Interval Value (kW)
name
QMPS,C1,1 30
Heater MPS-C1
QMPS,C1,2 30
1 (H1-C1) above pinch process QHI,CI1,2 60
QH1,C2,3 160
2 HI1-C2
QH1,C24 60
3 H2-C1 QH2,C1,3 240
QH2,C2,3 22
4 H2-C2
QH2,C2,4 18
QH2,W 4 105.46
Cooler H2-W
QH2,W.,5 54.55
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Table S10. Costs for HEN without multiple utilities for Example 1.

Unit name ATim (°C) A (m?) Cr (3)

1 14.42 9.37 17830.03

2 14.42 34.36 13427.71

3 14.42 3748 13176.9

4 32.71 2.75 17830.03
Cooler 22.94 15.71 17013.88
Heater 109.7 1.23 17830.03
Total 97108.57
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Example 1 with multiple utilities
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Figure S4. Grand Composite Curve for Example 1. Equations “y=x+140" and “y=-2.5x+205"
correspond to the line between 170 °C and 150 °C and 130 °C and 60 °C, respectively.
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Figure S5. Temperature intervals for Example 1 with multiple utilities.

22



Table S11. Energy balances for Example 1 with multiple utilities.

No. Stream Energy balance
1 Rypsi1 + Quescin = Quipsa
MPS
2 QMPS,Cl,Z - RMPS,l = QII-VIIPS,Z
3 Ry, +Q = Qf
H1,2 H1,C1,2 H1,2
4 Ry13 + Quiciz = Qhivs
5 Ry14 + Quicia + Quicza = Qfi1a
H1
6 Quiczs + Quisrw,s—Ru1a = Q£111,5
7 Ry1e + Quicze + Quiwe = Qfive
8 Q —Ry16 = Qff
Hiw,7—RH16 H1,7
9 S Rz + Qsc13 = Qf5
10 Ryza + Quacia + Quzcza = Qliza
11 Quz,c25 + Quzprw,s—Ruza = ng,s
H2
12 Rize + Quzc26 + Quawe = Qffze
13 Quzw,7—Ruz6 = Q§27
14 Cl Qmpscii = ng
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15 Qups,ciz T Quiciz = Q612
16 Qs.c13 T Quicis = Q613
17 Quicia + Quzc14 = Qg1,4-
18 Quic24 + Quzc2a = Qbza
19 C2 Quic2s + Quzcas = Qfas
20 Quic26 + Quzcze = Qlze
21 BFW Quiprw,s + Quzsrw,s = Qrw,s
22 Quiwe + Quawe = QIEV,6
\\%

23 Quiw,7 + Quawy = QIEVJ
24 Qiips1 + Qnipsz = 40 kW
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Table S12. Variables to solve the energy balances for Example 1 with multiple utilities.

No. Parameter
1 RMPS, 14
2 QMPS,C1,1¢
3 QMPS,1"H*
4 QMPS,C1,2¢
5 QMPS,2"H*
6 RH1,2°
7 QH1,C1,2?
8 RH1,3°
9 QH1,C1,3?
10 RH1,4°
11 QH1,C1,4%
12 QH1,C2,4%
13 QH1,C2,5°
14 QHI1,BFW,5°
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15 RHI,6
16 QH1,C2,6
17 QHI1,W,6"
18 QHI1,W,7"
19 QH1,7"H?
20 RS,3¢
21 QS,C1,3¢
22 RH2,4
23 QH2,C1,4¢
24 QH2,C2,4¢
25 QH2,C2,5¢
26 QH2,BFW,5¢
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27 RH2,6¢

28 QH2,C2,6¢

29 QH2,W,6¢

30 QH2,W,7¢

31 QH2,7"H?

32 y(MPS-C1)°

33 y(H1-C1) above S pinch®
34 y(H1-C1) above process pinch®
35 y(H1-C1) above BFW_pinch®
36 y(H1-BFW)¢

37 y(HI1-C2) above BFW_pinch®
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38 y(H1-C2) below BFW_Pinch®
39 y(HI-W)®

40 y(H2-C1) above BFW_pinch®
41 y(H2-C2) above BFW _pinch®
42 y(H2-C2) below BFW_Pinch®
43 y(H2-BFW)¢

44 y(H2-W)*

45 y(S-C1) above process pinch®

Continuous variables related to “MPS and °S utility streams, H1, and “H2 hot streams.
‘Discrete variables regarding possible heat exchange between the streams involved in the
HEN. The objective function is the minimization of the sum of the discrete variables
mentioned above.
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Table S13. Constant parameters to solve energy balances for Example 1 with multiple
utilities.

No. Parameter Value (kW)
1 QHI1,2"H 20
2 QH1,3"H 40
3 QH1,4"H 160
4 QH1,5"H 20
5 QH1,6"H 40
6 QS,3"H 20
7 QH2,4"H 320
8 QH2,5"H 40
9 QH2,6"H 80
10 QCL,1C 30
11 QC1,2~C 30
12 QCI1,3~C 60
13 QCl1,47C 240
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14 QC2,47C 182
15 QC2,57C 26
16 QC2,6rC 52
17 QBFW,5°C 92
18 QW,6"C 38
19 QW,7°C 30
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Table S14. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 1 with multiple utilities.

No. Parameter Value (kW)
1 U(MPS-C1) = min (40;60) 40
2 U(H1-CI) above S pinch = min (20;30) 20
3 U(HI1-C1) above process pinch = min (40;60) 40
4 U(H1-C1) above BFW pinch = min (160;240) 160
5 U(H1-BFW) = min (180;92) 92
6 U(H1-C2) above BFW_pinch = min (180;208) 180
7 U(HI1-C2) below BFW_pinch = min (40;52) 40
8 U(H1-W) = min (40;68) 40
9 U(H2-C1) above BFW_pinch = min (320;240) 240
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10 U(H2-C2) above BFW pinch = min (360;208) 208
11 U(H2-C2) below BFW _pinch = min (80;52) 52
12 U(H2-BFW) = min (360;92) 92
13 U(H2-W) = min (80;68) 68
14 U(S-C1) above process_pinch = min (20;60) 20
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Table S15. Restrictions describing heat exchangers between utilities and streams from
Example 1 with multiple utilities.

No. Heat exchanger Restriction
1 MPS'CI QMPS,Cl,l + QMPS,Cl,Z - yMPS—CluMPS—Cl < 0
2 (Hl-Cl) above S_pinch QHl,Cl,Z - (YHl—Cl)above_S_pinch(UHl—Cl)above_S_pinch
- - <0
(Hl' QHl,C1,3
3 - (:VHl—Cl)above_process_pinch(UHl—Cl)above_process_pinch
Cl) above process pinch | <0
H1-
4 ( Quic14
Cl) above BFW_pinch - (YHl—Cl)above_BFW_pinch(UHl—Cl)above_BFW_pinch <0
5 HI'BFW QHl,BFW,S - YHl—BFWUHl—BFW <0
H1-
6 ( Quicz4 + Quicas
C2) above BFW_plIlCh - (yHl—CZ)above_BFW_pinch(UHl—CZ)above_BFW_pinch <0
Hi1-
7 ( QH1,62,6
CZ) below BFW_pinch - (YHl—Cz)below_BFW_pinch(UHl—CZ)below_BFW_pinch <0
8 (H1-W) Quiw,e + Quiw,7 — Yu1-wUp1-w < 0
H2-
9 ( QHZ,C1,4-
Cl) above BFW_piIlCh - (YHZ—Cl)above_BFW_pinch(UHZ—Cl)above_BFW_pinch <0
H2-
10 ( Quz,c2,4 T Q2,025
CZ) above BFW_pinch - (YHZ—Cz)above_BFW_pinch(UHZ—CZ)above_BFW_pinch <0
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(H2-

1 1 QHZ,C2,6
C2)_below_BFW_pinch - (yHZ—CZ)below_BFW_pinch(UHZ—CZ)below_BFW_pinch <0
12 H2-BFW Quz,8rw,5s — Yuz-rw Unz—prw < 0
13 H2-W Quzw,e + Quzw,7 — Yuz-wUpz-w < 0
S-
14 ( QS,Cl,3

C1) _above process pinch

- (YS—Cl)above_procss_pinch(US—Cl)above_process_pinch <0
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Table S16. Unit name, heat exchanging streams, interval, and the value found using the

Solver tool from Microsoft Excel® for Example 1 with multiple utilities.

Unit name Heat exchanging streams Heat exchange Interval | Value (kW)
QMPS,C1,1 30
Heater MPS-CI
QMPS,C1,2 10
1 HI1-C1_before S pinch QHI,C1,2 20
2 S-C1 QS,C1,3 20
3 HI1-C1 before process pinch QHI,CIL,3 40
4 H1-C2 before BFW_pinch QH1,C2,4 22
5 H2-C1 _before BFW_pinch QH2,C1,4 90
6 H2-C2 before BFW_pinch QH2,C2.,4 30
7 H1-BFW QH1,BFW 4 38
QH2,C2,5 30
8 H2-C2_after BFW_pinch
QH2,C2,6 18
9 H2-C1_after BFW_pinch QH2,C1,5 150
10 HI1-C2 after BFW_pinch QH1,C2,5 100
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QHI1,C2,6 60

QH2,W,6 80.41
Cooler H2-W

QH2,W.,7 41.59
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Figure S6. HEN with multiple utilities for Example 1.
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Table S17. Costs for HEN with multiple utilities for Example 1.

Unit name ATim (°C) A (m?) Cr (3)

1 11.59 3.89 17830.03

2 13.05 3.45 17830.03

3 13.05 6.9 17830.03

4 24.22 2.05 17830.03

5 10 20.27 15543.32

6 10 6.76 17830.03

7 17.82 4.8 17830.03

8 10.25 32.97 13555.45

9 21.71 4.98 17830.03
10 10 36.04 13287.03
Cooler 17.38 15.81 16970.85
Heater 106.53 0.85 17830.03
Total 201996.88

38



Example 2 without multiple utilities
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Table S18. Source and target temperatures, C value, and the multiple utilities for Example

2.
Stream | Source temperatura T* (°C) | Target temperatura T'(°C) | C (kW °C™") | References
H1 590 400 2.376
H2 471 200 1.577
(Seider,
H3 533 150 1.32
Seader,
Cl 200 400 1.6 Lewin, &
Widagdo,
C2 100 430 1.6
2009)
C3 300 400 4.128
C4 150 280 2.624
Fuel 800 800 (Chang,
Chen,
Wang, &
HPS 230 230
Feng,
2017)
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Table S19. Adjusted temperatures using the Temperature Interval method for Example 2 with
ATmin=50 °C.

Adjusted temperatures
Stream T°(°C) T'(°C) |C (kW °C™h
T°(°C) T'(°C)
H1 590 400 2.376 540 350
H2 471 200 1.577 421 150
H3 533 150 1.32 483 100
Cl1 200 400 1.6 200 400
C2 100 430 1.6 100 430
C3 300 400 4.128 300 400
Cc4 150 280 2.624 150 280
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Table S20. MER targets and the pinch value using the Temperature interval method for
Example 2.

Temperature S O3 Ce Enthaloy Cascaded enthalpy Cascaded enthalpy with
the heat value for the

intervals (°C) (kW °C) (kW) (kW) Fuel (W)
@217.55

540 | 483 2.376 135.43 135.43 352.99

483 | 430 3.696 195.89 331.32 548.87

430 | 421 2.096 18.87 350.18 567.74

421 | 400 3.673 77.13 427.32 644.87

400 | 350 -2.055 -102.75 324.57 542.12

350 | 300 -4.431 -221.55 103.02 320.57

300 | 280 -0.303 -6.06 96.96 314.51

280 | 200 -2.927 -234.16 -137.2 80.35

200 | 150 -1.327 -66.35 -203.55 14

150 | 2100 -0.28 -14 -217.55 0

“Fuel value

bPinch temperature for cold streams
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Figure S7. Temperature intervals for Example 2.

43



Table S21. Energy balances for Example 2.

No. Stream Energy balance
1 Rp1 = QI{"-I,l
2 Rp2 —Rpy = Qz{j,z
3 Rrs + Qrc23 — Rrz2 = QF 5
4 F Rea+ Qrc1atQrcoa + Qrcza — Rrz = QF 4
5 Rps + Qpcis+Qrc2s + Qrcas — Rra = QFs
6 Rr6+Qr 26 + Qrcas — Rrs = Qfs
7 Qr.c27—Rre = QII;I,7
8 Ryiz = Qg1,2
9 Ru13 + Quiczs—Ruiz = Qhis
10 Ry1a + QuicratQuiczs + Quicsa — Ruis = Qffva
H1
11 Ryvs + Quicrs+Quiczs + Quicas — Ruia = Qiivs
12 Ry16%Quic26 + Quicas — Ruis = Qffve
13 Qu1,c2,7~Ru1e = QII:111,7
14 H3 Russ + Qusczs = Qhias
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15 Rysa + Quac1atQuscos + Quacsa — Ruzz = Qfisa

16 Ryss + Quac1,5+Qusc2s + Quscas — Rusa = Qiias

17 Rys,6+Qusc26 + Quacas — Russ = Qffse

18 Qus,c2,7~Ruze = QII:113,7

19 Ruza + Quzcra + Quzcza + Quzcsa = Qhiza

20 Ruzs + Quac15+Quzczs + Quzcas — Ruza = Qlizs
H2

21 Ruz,6+Qu2.c26 + Quzcae — Ruzs = Qfize

22 Qnuz,c2,7Ruz6 = ng,7

23 Qr,c23 + Quiczs + Quzczs = Qs

24 Qr,c24 + Quicza + Quzcza + Quacoa = Qéza

25 C2 Qr,c25 + Quiczs + Quzczs + Qusczs = ng,s

26 Qr,c26 + Quicze + Quzcze + Quacas = Qe

27 Qr.c27 + Quiczr + Quzczy + Qus ey = Qéay

28 Qrc14 + Quicra + Quzcra + Quscra = Qé1a
Cl

29 Qrc1s T Quicis + Quacs + Quscrs = Qéus
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30 Qr,c34 + Quicsa + Quzcsa + Quacsa = Qéza
31 Qr.cas + Quicas + Quzcas + Quscas = Qfas
32 Qr,ca6 + Quicas + Quzcas + Quacas = Qlas
33 QF1 + QF, + Qf 3 + QF4s + QF s + QFs + QF,

= 217.55 kW
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Table S22. Variables to solve the energy balances for Example 2.

No. Parameter
1 RF, 14
2 QF,1"H*
3 RF,2¢
4 QF,2"H*
5 RF,3¢
6 QF,C2,3¢
7 QF,3"H¢
8 RF,4¢
9 QF,Cl1,4¢
10 QF,C2,4¢
11 QF,C3,4¢
12 QF,4"H¢
13 RF,5¢
14 QF,Cl1,5¢
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15 QF,C2,5¢
16 QF,C4,5¢
17 QF,5"H*
18 RF, 6
19 QF,C2,6¢
20 QF,C4,6°
21 QF,6"H*
22 QF,C2,7¢
23 QF,7"H¢
24 RH1,2b
25 RH1,3?
26 QH1,C2,3°
27 RH1,4°
28 QH1,C1,4°
29 QH1,C2,4°
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30 QH1,C3,4°
31 RH1,5

32 QH1,C1,5
33 QH1,C2,5"
34 QH1,C4,5°
35 QHI1,5"H?
36 RH1,6°

37 QH1,C2,6"
38 QH1,C4,6°
39 QH1,6"H?
40 QH1,C2,7"
41 QH1,7"H?
42 RH3,3¢

43 QH3,C2,3¢
44 RH3,4¢
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45 QH3,C1,4¢
46 QH3,C2,4¢
47 QH3,(3,4¢
48 RH3,5¢

49 QH3,C1,5¢
50 QH3,C2,5¢
51 QH3,C4,5¢
52 RH3,6°

53 QH3,C2,6°
54 QH3,C4,6°
55 QH3,C2,7¢
56 RH2,44

57 QH2,C1,4¢
58 QH2,C2,44
59 QH2,C3,47
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60 RH2,57

61 QH2,C1,5¢
62 QH2,C2,5¢
63 QH2,C4,5¢
64 RH2,6¢

65 QH2,C2,6¢
66 QH2,C4,67
67 QH2,C2,74
68 QH2,7"H¢
69 y(HI-C1)*
70 y(HI1-C2)*
71 y(HI-C3)*
72 y(H1-C4)
73 y(H2-C1)°
74 y(H2-C2)¢
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75 y(H2-C3)°
76 y(H2-C4)¢
77 y(H3-Cl)
78 y(H3-C2)*
79 y(H3-C3)
80 y(H3-C4)°
81 y(F-C1)*
82 y(F-C2)¢
83 y(F-C3)°
84 y(F-C4)°

Continuous variables related to “F utility stream, “H1, “H3, and “H2 hot streams. °Discrete
variables regarding possible heat exchange between the streams involved in the HEN. The
objective function is the minimization of the sum of the discrete variables mentioned above.

52



Table S23. Constant parameters to solve energy balances for Example 2.

No. Parameter Value (kW)
1 QH1,2"H 135.43
2 QH1,3"H 147.31
3 QH1,4"H 168.7
4 QH3,3"H 81.84
5 QH3,4"H 159.72
6 QH3,5"H 132
7 QH3,6"H 66
8 QH3,7"H 66
9 QH2,4"H 190.82
10 QH2,5"H 157.7
11 QH2,6"H 78.85
12 QC2,3”C 14.4
13 QC247C 193.6
14 QC2,5"C 160

53




15 QC2,6°C 80
16 QC2,7°C 80
17 QC1,47C 160
18 QCI1,5"C 160
19 QC347C 412.8
20 QC4,5"C 209.92
21 QC4,6nC 131.2
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Table S24. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 2.

No. Parameter Value (kW)
1 U(H1-C1) = min(451.44;320) 320
2 U(H1-C2) = min(451.44;528) 451.44
3 U(H1-C3) = min(451.44;412.8) 412.8
4 U(H1-C4) = min(451.44;341.12) 341.12
5 U(H2-C1) = min(348.52;320) 320
6 U(H2-C2) = min(427.37;528) 427.37
7 U(H2-C3) = min(190.82;412.8) 190.82
8 U(H2-C4) = min(427.37;341.12) 341.12
9 U(H3-C1) = min(373.56;320) 320
10 U(H3-C2) = min(505.56;528) 505.56
11 U(H3-C3) = min(241.56;412.8) 241.56
12 U(H3-C4) = min(439.56;341.12) 341.12
13 U(F-C1) = min(217.55;320) 217.55
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14 U(F-C2) = min(217.55;528) 217.55
15 U(F-C3) = min(217.55;412.8) 217.55
16 U(F-C4) = min(217.55;341.12) 217.55
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Table S25. Restrictions describing heat exchangers between utilities and streams from
Example 2.

Heat
No. Restriction
exchanger
1 HI1-Cl Quic14 + Quics — YurciUnic1 <0
Quic23 T Quicza T Quic2stQn1c26 T Quica7
2 H1-C2
= Yu1,c2Un1,c2 <0
3 H1-C3 Qu1,c34 — Yu1,c3Un1,c3 <0
4 H1-C4 Qui,cas T Quicae — Yu1,caUnica <0
5 H2-C1 Quzc1,4 + Quzc1,s — Yuz,c1Unzc1 <0
6 H2-C2 Quzc24 T Q2251 CQn2.c26 + Quzc27 — Yuz,c2Unz,c2 < 0
7 H2-C3 Quz,c34 — Yrz,c3Un2,63 < 0
8 H2-C4 Quz,cas T Quzcae — Yuz,calUnzca <0
9 H3-C1 Qus,c14 + Qusc1s — Yusc1Unzc1 <0
Quz,c23 T Qusc24 + Qus 25+ Qusca6 + Quscz7
10 H3-C2
— Yuz,c2Unzc2 <0
11 H3-C3 Qus,c34 — Yu3,c3Unz ez <0
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12 H3-C4 Qus,cas + Quscae — Yus,calUnsca <0
13 F-C1 Qrc14 T Qrc1s — Yrc1Urc1 <0
Qrc23 1 Qrc2a T Qrc25tQrc26 T Qrc27 — Vrc2Urc2
14 F-C2
<0
15 F-C3 Qr.c3a — Yrc3Urcz <0
16 F-C4 Qr,cas T Qrcae — YrcaUrca <0
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Table S26. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 2.

Heat exchanging
Unit name Heat exchange Interval Value (kW)
streams
QF,C2,3 14.4
QF,C2,4 129.7
Heater F-C2 QF,C2,5 45.45
QF,C2,6 23.75
QF,C2,7 4.25
1 H1-C1 QH1,C1,5 38.64
2 HI1-C3 QH1,C3,4 412.8
QH3,C1,4 160
3 H3-C1
QH3,C1,5 35.11
4 H2-C1 QH2,C1,5 86.25
QH3.,C2,4 63.9
5 H3-C2 QH3,C2,5 114.55
QH3,C2,6 56.25
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QH3,C2,7 75.75
QH2,C4,5 209.92
H2-C4
QH2,C4,6 131.2
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Figure S8. HEN with F for Example 2.
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Table S27. Costs for HEN without multiple utilities for Example 2.

Unit name ATim (°C) A (m?) Cr (3)

1 193.92 0.45 17830.03

2 133.48 6.97 17830.03

3 143.83 3.06 17830.03

4 216.7 0.9 17830.03

5 68.52 10.21 17830.03

6 85.95 8.94 17830.03
Heater 434.44 1.13 17830.03
Total 124810.2
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Example 2 with multiple utilities
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Grand Composite Curve for Example 2. Equation “y=0.3417x+172.5487”

corresponds to the line between 280 °C and 200 °C.
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Figure S10. Temperature intervals for Example 2 with multiple utilities.
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Table S28. Energy balances for Example 2 with multiple utilities.

No. Stream Energy balance
1 Rp1 = ng1
2 Rp2 —Rpy = Qz{j,z
3 F Res + Qrc23 — Rrz2 = QF 5
4 R4+ Qrc14tQrc24 + Qrc3a — Rrz = QF 4
5 Qr,c15+Qrc25 + Qrcas — Rra = QF s
6 Ryiz = Qg1,2
7 Ry13 + Quiczs—Ruiz = Qhis
H1
8 Ry14 + QuicratQuicaa + Quicsa — Rus = Qhia
9 Quc15+Quiczs + Quicas — Ruva = Qs
10 Ryss + Quacos = Qhizs
11 Rysa + Quacra + Quacza + Quscsa—Russ = Qfiza
12 H3 Quscis + Quscas + Quscas—Ruza = Qiss
13 Ryse + Quacre + Qusczs + Quscas = Qize
14 Rys7+Qusc27 + Quscar — Ruse = Qfisz
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15 Qus.c28—Ruz7 = Qhizs

16 Ruza + Quzcia + Quacza + Quzcsa = Qliza

17 Quzc1s + Quzczs + Quzcas—Ruza = Qhizs

18 H2 Ruze + Quzcie + Quzcae + Quzcas = Qlize

19 Ru27+Quzc27 + Quzcar — Ruze = Qfizy

20 Quz,c28—Ruz7 = ng,s

21 Rypse + Qurscie + Quescaes + Qupscas = Qipse

22 HPS Rups7+Qupsc27 + Quesca7 — Rupse = Qhips

23 Qups,c2s—Rups;7 = Qhipss

24 Qr.c23 + Quiczs + Qusczs = Qb

25 Qr.c2a + Quicza + Quzcza + Quscza = Qb

26 Qr.c25 + Quiczs + Quzcas + Quaczs = Qbzs
C2

27 Qups,cz6 + Quzcz6 + Quscae = Qbze

28 Qurs,c27 + Quacz7 + Quscz7 = Qbaz

29 Qupsczs + Quzc2s + Quscas = Qéazs
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30 Qrc14 + Quicra + Quzcra + Quacra = Qé1a
31 Cl Qrc1s + Quicis + Quzcrs + Quscrs = Qéas
32 Qupscie + Quzcre + Quzcre = Qfie
33 C3 Qr,c34 + Quicsa + Quzcsa + Quacsa = Qfza
34 Qr,cas + Quicas + Quzcas + Quscas = Qlas
35 C4 Qups,cas + Quzcas + Quzcas = Qlas
36 Qupscar + Quzcar + Quscay = Qfay
37 Q51+Q52+Q53+Q#’4+Q§5=4-9.39 kW
38 Qtips,e + Qfips,;7 + Qfipsg = 168.16 kW
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Table S29. Variables to solve the energy balances for Example 2 with multiple utilities.

No. Parameter
1 RF,1¢
2 QF,1"H
3 RF,2¢
4 QF,2"H*
5 RF,3¢
6 QF,C2,3¢
7 QF,3"H¢
8 RF,44
9 QF,Cl1,4¢
10 QF,C2,4¢
11 QF,C3,4¢
12 QF,4"H¢
13 QF,Cl1,5¢
14 QF,C2,5¢
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15 QF,C4,5¢
16 QF,5"H¢
17 RHI,2"
18 RH1,3"
19 QH1,C2,3
20 RH1,4°
21 QH1,C1,4°
22 QH1,C2,4°
23 QH1,C3,4°
24 QH1,C1,5
25 QH1,C2,5
26 QH1,C4,5°
27 QH1,5"H?
28 RH3,3¢
29 QH3,C2,3¢
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30 RH3,4¢

31 QH3,C1,4¢
32 QH3,C2.4¢
33 QH3,C3,4¢
34 QH3,C1,5¢
35 QH3,C2,5¢
36 QH3,C4,5¢
37 RH3,6°

38 QH3,C1,6¢
39 QH3,C2,6¢
40 QH3,C4,6°
41 RH3,7¢

42 QH3,C2,7¢
43 QH3,C4,7¢
44 QH3,C2,8°
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45 RH2,4

46 QH2,C1,47
47 QH2,C2,4¢
48 QH2,C3,4¢
49 QH2,C1,5¢
50 QH2,C2,5¢
51 QH2,C4,57
52 RH2,67

53 QH2,C1,67
54 QH2,C2,6¢
55 QH2,C4,6¢
56 RH2,7

57 QH2,C2,7¢
58 QH2,C4,7¢
59 QH2,C2,8¢
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60 QH2,8"H?
61 RHPS,6°
62 QHPS,C1,6°
63 QHPS,C2,6°
64 QHPS,C4,6°
65 QHPS,6"He
66 RHPS,7¢
67 QHPS,C2,7¢
68 QHPS,C4,7¢
69 QHPS,7/H¢
70 QHPS,C2,8¢
71 QHPS,8"H¢
72 y(HI-C1Y
73 y(H1-C2y
74 y(H1-C3)
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75 y(H1-C4)

76 y(H2-C1)_above HPS_ pinch/
77 y(H2-C2) above HPS pinch/
78 y(H2-C3) above HPS pinch/
79 y(H2-C4) above HPS pinch/
80 y(H2-C1) below HPS pinch/
81 y(H2-C2) below HPS pinch/
82 y(H2-C4) below HPS pinch/
83 y(H3-C1)_above HPS_ pinch/
84 y(H3-C2) above HPS pinch/
85 y(H3-C3) above HPS pinch/
86 y(H3-C4) above HPS pinch/
87 y(H3-C1) below HPS pinch/
88 y(H3-C2) below HPS pinch/
89 y(H3-C4) below HPS pinch/
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90 y(HPS-C1y
91 y(HPS-C2y
92 y(HPS-C4)y
93 y(F-C1y
94 y(F-C2)
95 y(F-C3y
96 y(F-C4y

Continuous variables related to “F and “HPS utility streams, H1, “H3, and “H2 hot stream:s.
/Discrete variables regarding possible heat exchange between the streams involved in the
HEN. The objective function is the minimization of the sum of the discrete variables
mentioned above.
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Table S30. Constant parameters to solve energy balances

for Example 2 with multiple

utilities.

No. Parameter Value (kW)
1 QHI1,2"H 135.43
2 QH1,3"H 147.31
3 QH1,4"H 168.7
4 QH3,3"H 81.84
5 QH3,4"H 159.72
6 QH3,5"H 92.4
7 QH3,6"H 39.6
8 QH3,7"H 66
9 QH3,8"H 66
10 QH2,4"H 190.82
11 QH2,5"H 110.39
12 QH2,6"H 47.31
13 QH2,7"H 78.85
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14 QC2,3/C 14.4
15 QC2,4°C 193.6
16 QC2,5"C 112
17 QC2,6'C 48
18 QC2,7°C 80
19 QC2,8"C 80
20 QC1,4°C 160
21 QC1,5°C 112
22 QC1,6"C 48
23 QC3,4C 412.8
24 QC4,5"C 131.2
25 QC4,6"C 78.72
26 QC4,7°C 131.2
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Table S31. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 2 with multiple utilities.

No. Parameter Value (kW)
1 U(H1-C1) = min(451.44;272) 272
2 U(H1-C2) = min(451.44;320) 320
3 U(H1-C3) = min(451.44;412.8) 412.8
4 U(H1-C4) = min(451.44;131.2) 131.2
5 U(H2-C1) above HPS pinch =min(301.21;272) 272
6 U(H2-C2) above HPS pinch =min(301.21;305.6) 301.21
7 U(H2-C3) above HPS pinch = min(190.82;412.8) 190.82
8 U(H2-C4) above HPS pinch =min(301.21;131.2) 131.2
9 U(H2-C1) below HPS pinch = min(47.31;48) 47.31
10 U(H2-C2) below HPS pinch = min(126.16;208) 126.16
11 U(H2-C4) below HPS pinch = min(126.16;209.92) 126.16
12 U(H3-C1) above HPS pinch = min(333.96;272) 272
13 U(H3-C2) above HPS pinch = min(333.96;320) 320
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14 U(H3-C3) above HPS pinch = min(241.56;412.8) 241.56
15 U(H3-C4) above HPS pinch = min(333.96;131.2) 131.2
16 U(H3-C1) below HPS pinch = min(39.6;48) 39.6
17 U(H3-C2) below HPS pinch = min(171.6;208) 171.6
18 U(H3-C4) below HPS_ pinch = min(105.6;209.92) 105.6
19 U(HPS-C1) = min(168.16;48) 48
20 U(HPS-C2) = min(168.16;208) 168.16
21 U(HPS-C4) = min(168.16;209.92) 168.16
22 U(F-C1) = min(49.39;272) 49.39
23 U(F-C2) = min(49.39;320) 49.39
24 U(F-C3) = min(49.39;412.8) 49.39
25 U(F-C4) = min(49.39;131.2) 49.39
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Table S32. Restrictions describing heat exchangers between utilities and streams from
Example 2 with multiple utilities.

No. Heat exchanger Restriction
1 H1-Cl Quic14 + Quic1s = Yuic1Uniecr =0
2 H1-C2 Quic23 T Quicza + Quiczs — Yuic2Unica = 0
3 HI1-C3 Qui,c34 — Yu1,c3Un1,c3 =0
4 H1-C4 Qu1,ca5 — Yu1,caUnrca =0
(H2- Quz,c14 T Quzc1s
5

Cl )_above_HP S—pinCh - (yHZ'Cl ) above_HPS pinch (UHZ'Cl ) above_HPS pinch =

(H2- Quz,c24 + Quzc25
6
C2)_above_HPS_pinch - (yHZ'CZ)above_HPS_pinch(UHZ'CZ)above_HPS_pinch S
7 H2-C3 Qu2,c34 — YH2,c3Un2,63 <0
(H2- Qnz,c45
8
C4)_above_HPS_pinch | — (yHZ,C4)above_HPS_pinch(UHZ,C4)above_HPS_pinch <
(H2- Quz,c16
9

Cl )_below_HPS_pinch o (yHZ'Cl)below_HPS_pinch (UHZ'Cl)below_HPS_pinch =
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(H2- Quz,c2,6 T Quzc27 + Quzczs
10
C2)_below_HPS_p1nch N (yHZ'CZ)below_HPS_pinch(UHZ'CZ)below_HPS_pinch s
(H2- Qnuz,ca6 T Qrzcaz
11
C4)_below_HPS_p1nch N (yHZ'C4)below_HPS_pinch(UHZ'C4)below_HPS_pinch s
(H3- Qnus,c14 + Quscis
12
Cl)_above_HPS_pmch - (yH3'Cl)above_HPS_pinch(UH3’C1)above_HPS_pinch S
(H3- Qus,c23 + Quscza + Qusczs
13
C2)_above_HPS_p1nch B (yH3'C2)above_HPS_pinch(UH3'C2)above_HPS_pinch =
14 H3-C3 Qus,c3a — Yu3,c3Unzcz =0
(H3- Qnuz,cas
15
C4)_ab0V6_HPS_p inch | — (y H 3'64)above_HPS_pinch(UH3’C4)above_HPS_pinch =
(H3- Quz,cie
16
Cl)—below—HPs—meh N (yH3'C1)below_HPS_pinch(UH3'C1)below_HPS_pinch s
(H3- Qusc2,6 T Quscz7 + Qusczs
17
C2)_below_HPS_p1nch N (yH3'CZ)below_HPS_pinch(UH3’C2)below_HPS_pinch =
(H3- Qnus,cas T Quscar
18

C4) below HPS pinch

— U <
(yH3'C4) below_HPS _pinch ( H3'C4) below_HPS pinch —
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19 HPS-C1 Qups,c16 — Yupsc1Unpsc1 = 0
Qups,c2,6 T Qups,c2,7 T Qups,c2,8 — Yups,c2Unps,cz
20 HPS -C2
<0
21 HPS -C4 Qups,ca6 + Qups,ca7 — YupscaUnpsca = 0
22 F-Cl Qrc1a t Qrc1s = Yrc1Urc1 =0
23 F-C2 Qr,c23 t Qrcz4 + Qrcas — Yrc2Urcz =0
24 F-C3 Qrc34 — Yrc3Urcz <0
25 F-C4 Qr,ca5 — YrcaUrca =0
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Table S33. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 2 with multiple utilities employed to devise
de HEN.

Heat exchanging
Unit name Heat exchange Interval Value (kW)
streams
Heater F-C4 QS,C4,5 49.39
QH1,C2,3 14.4
1 H1-C2 QH1,C2,4 2.78
QH1,C2,5 1.61
QH1,C1,4 13.23
2 H1-C1
QHI1,C1,5 6.62
3 H1-C3 QH1,C3,4 412.8
QH3.,C1.,4 146.77
4 H3-C1
QH3,C1,5 105.38
5 H3-C4 QH3,C4,5 81.81
QH2,C2.4 190.82
6 H2-C2
QH2,C2,5 110.39
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7 HPS-C1 QHPS,C1,6 48

QHPS,C4,6 61.19
8 HPS-C4

QHPS,C4,7 58.98

QH2,C2.,6 32.16
9 H2-C2 QH2,C2,7 80

QH2,C2,8 14
10 H3-C2 QH3,C2,6 15.84

QH3,C4,6 17.54
11 H3-C4

QH3,C4,7 72.23
12 H3-C2 QH3,C2,8 66
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Figure S11. HEN with multiple utilities for Example 2.
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Table S34. Costs for HEN with multiple utilities for Example 2.

Unit name ATim (°C) A (m?) Cr (3)
1 161.91 0.26 17830.03
2 184.11 0.24 17830.03
3 133.48 6.97 17830.03
4 127.96 4.44 17830.03
5 64.17 2.87 17830.03
6 51.36 13.21 17830.03
7 63.83 1.69 17830.03
8 70.42 3.84 17830.03
9 54.26 5.24 17830.03
10 54.26 0.66 17830.03
11 70.42 2.87 17830.03

86



12 54.26 2.74 17830.03
Heater 529.36 0.21 17830.03
Total 231790.37
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Example 3 without multiple utilities
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Table S35. Source and target temperatures, C value, and the multiple utilities for Example 3.

Stream | Source temperatura T* (K) | Target temperatura T'(K) | C (kW K!)| References
HI 413 313 328.84
H2 433 393 576.69
H3 483 318 29.69
H4 533 333 69.94 | (Mizutani,
Pessoa,
H5 553 483 250.31 .
Queiroz,
H6 623 443 34.85 Hauan, &
Grossmann,
H7 653 433 95.46 2003)
Cl 543 658 576.69
C2 403 543 350.92
C3 293 403 255.22
(Chang et al.,
Fuel 1073.15 1073.15
2017)
(Seider,
Steam 605.4 605.4 Seader,
Lewin, &
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Widagdo,

2009)
(Seider et al.,
BFW 383.15 383.15
2009)
(Chang et al.,
Y 288.15
2017)
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Table S36. Adjusted temperatures using the Temperature Interval method for Example 3 with
ATmin=10 K.

Adjusted temperatures
Stream T (K) TY(K) C (kW K
T (K) T'(K)
H1 413 313 328.836 403 303
H2 433 393 576.69 423 383
H3 483 318 29.6934 473 308
H4 533 333 69.939 523 323
H5 553 483 250.308 543 473
H6 623 443 34.8468 613 433
H7 653 433 95.4606 643 423
Cl 543 658 576.69 533 648
C2 403 543 350.922 393 533
C3 293 403 255.216 283 393
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Table S37. MER targets and the pinch value using the Temperature interval method for
Example 3.

Temperature S O3 Ce Enthaloy Cascaded enthalpy Cascaded enthalpy with
the heat value for the

intervals (K) (kW K- (kW) (kW) Fuel (W)
451646.88

648 | 643 -576.69 -2883.45 -2883.45 48763.43

643 | 613 | -481.2294 -14436.88 -17320.33 34326.55

613 | 543 | -446.3826 -31246.78 -48567.11 3079.77

543 | 533 | -196.0746 -1960.75 -50527.86 1119.02

533 | 523 29.6934 296.94 -50230.93 1415.96

523 | 473 99.6324 4981.62 -45249.31 6397.58

473 | 433 | -120.9822 -4839.29 -50088.59 1558.29

433 | 423 | -155.829 -1558.29 -51646.88 0

423 | 403 | 325.4004 6508.01 -45138.88 6508.01

403 | 393 | 654.2364 6542.36 -38596.51 13050.37

393 | 383 | 749.9424 7499.42 -31097.09 20549.8
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383 | 323 | 173.2524 10395.14 -20701.94 30944.94
323 | 308 | 103.3134 1549.7 -19152.24 32494.64
308 | 303 73.62 368.1 -18784.14 32862.74
303 | 283 | -255.216 -5104.32 -23888.46 “27758.42

“Fuel value

bPinch temperature for cold streams

‘Water value

93




1073.16K

| 5 1063.15K
@ 658K
653K — 653K 843K
® “
623K 623K 613K
553K 553K 543K 543K , 543K
we | M7 ®
G 533K 523K
® .
483K e | 483K 483K 473K
443K ¥ @
Pinch ¥ " 433K 423K
Iy -
2| H3 @
413K + 393K 413K 403K L 403K L 403K 400k
H1 I 318K 333K ¥ Ica
313K
303K 203K 293K | w
298.15K 288.15K 288.15K

Figure S12. Temperature intervals for Example 3.
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Table S38. Energy balances for Example 3.

No. Stream Energy balances
1 Req + Qrci1 = QF1
2 Rp2 + Qrc12 —Rs1 = Q#,z
3 Rez + Qrc13 — Rr = QF 5
F
4 Rps + Qp 24— Rrz = QF 4
5 Rps+ Qrc2s — Rra = QF s
6 Qrc26 — Rrs = Q?,s
7 Ru72 + Qurc1z = Qhirz
8 Ru73+Qu7,c13 — Ruzz = Qliz3
9 H7 Ryu74+Qu7,c24 — Ruzs = Qiiza
10 Ry7,5+Qu7,c25 — Ruza = Qfizs
11 Quzc26 — Ruzs = 057,6
12 Ryes + Quecrz = Qies
13 H6 Rysa + Quecza — Russ = Qfiga
14 Ryes + Quecz,s — Rusa = Qffes
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15 Que,cz6—Rues = Qe
16 Rysa + Quscaa = 055,4
17 H5 Ryss+Qus,cz2s — Rusa = Qffss
_ nH
18 Qus,c26 — Russ = Qnse
19 Rias + Quaczs = Qfias
_ nH
20 Quacz6 — Ruas = QHae
21 H4 Rua7 + Quaca7 = Qfiaz
22 Riag + Quacss + Quaws — Ruaz = Qfiasg
23 QH4,W,9_RH4,8 = Q£114,9
24 Ryse + Quzcze = Qize
25 Rys7 + Quzcz7 = Qitzz
H3
26 Riuzg + Qusczs + Quaws — Rusz = Qfiag
27 QH3,W,9_RH3,8 = Q£113,9
28 Ry27 + Quzcz7 = Qlizz
H2
29 Riuzs + Quzcas + Quaws — Ruz7 = Qlizg
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30 QHZ,W,9_RH2,8 = QII-IIZ,9
31 Ry1g + Quiczs + Quiws = Qfirs
H1
32 QHl,W,9_RH1,8 = Q£111,9
33 Q = QC
F.C11 c1,1
34 C1 Qu7c12 t Qrc12 = le,z
35 Que,c1,3 T Qu7c1,3 + Qrc13z = Qg1,3
36 Qus,c24 + Quecz4 + Qurc2a + Qrc2a = Qcc‘z,4
37 Quac2s + Qusczs + Queczs + Qurczs + Qrczs = ng,s
C2
38 Qusc26 T Quacze T Quscze + Quecze
+ QH7,CZ,6 + QF,C2,6 = ng,6
39 Quzc27 T Qusc27 + Quace7 = ng,7
40 C3 Quicss T Quzcss + Quscss + Quacss = Qg3,8
41 Quiws t Quzws + Qusws + Quaws = Qﬁ/,s
W
42 Quiwo + Quzwo + Quswo + Quawo = ngv,g
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Table S39. Variables to solve the energy balances for Example 3.

No. Parameter
1 RF,1¢
2 QF,Cl1,1¢
3 QF,1"H*
4 QF,Cl1,2¢
5 RF,2¢
6 QF,2"H*
7 QF,C1,3¢
8 RF,3¢
9 QF,3"H*
10 QF,C2,4¢
11 RF,44
12 QF,4"H*
13 QF,C2,5¢
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14 RF,5¢
15 QF,5"H¢
16 QF,C2,6¢
17 QF,6"H*
18 QH7,C1,2°
19 RH7,2°
20 QH7,C1,3°
21 RH7,3?
22 QH7,C2,4b
23 RH7,4°
24 QH7,C2,5"
25 RH7,5
26 QH7,C2,6
27 QH6,C1,3¢
28 RH6,3¢
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29 QH6,C2,4¢
30 RH6,4¢
31 QH6,C2,5¢
32 RH6,5¢
33 QH6,C2,6¢
34 QHS5,C2,47
35 RHS5,44
36 QH5,C2,5¢
37 RHS5,5¢
38 QHS5,C2,67
39 QHS5,6"H?
40 QH4,C2,5¢
41 RH4,5¢
42 QH4,C2,6°
43 QH4,C2,7¢
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44 RH4,7¢
45 QH4,C3,8¢
46 QH4,W,8¢
47 RH4,8¢
48 QH4,W,9¢
49 QH4,9"H®
50 QH3,C2,6/
51 RH3,6/
52 QH3,C2,7
53 RH3,7
54 QH3,C3.8
55 QH3,W.8
56 RH3.8/
57 QH3,W.9
58 QH3,9"H/
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59 QH2,C2,7¢
60 RH2,7¢
61 QH2,C3,8¢
62 QH2,W,8¢
63 RH2,8¢
64 QH2,W,9¢
65 QH2,9"H¢
66 QH1,C3,8"
67 QH1,W,8"
68 RH1,8"
69 QHI,W,9"
70 QHI1,9"H"
71 Y(F-C1)
72 Y(F-C2)
73 Y(H7-C1)
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74 Y(H7-C2)
75 Y(H6-C1)
76 Y(H6-C2)
77 Y(H5-C2)
78 Y(H4-C2)
79 Y(H4-C2)’
80 Y(H4-C3)
81 Y(H4-W)
82 Y(H3-C2)
83 Y(H3-C2)
84 Y(H3-C3)
85 Y(H3-W)
36 Y(H2-C2)
87 Y(H2-C3)
88 Y(H2-WY
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89 Y(H1-C3)

90 Y(H1-W)

Continuous variables related to “F utility stream, °H7, ‘H6, YH5, °H4,/H3, €¢H2, and "H1 hot
streams. ‘Discrete variables regarding possible heat exchange between the streams involved
in the HEN. The objective function is the minimization of the sum of the discrete variables

mentioned above.
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Table S40. Constant parameters to solve energy balances for Example 3.

No
Parameter Value (kW)
1 QH7,2"H 2863.82
2 QH7,3"H 6682.24
3 QH7,4"H 1909.21
4 QH7,5"H 4773.03
5 QH7,6"H 4773.03
6 QH6,3"H 2439.28
7 QH6,4"H 696.94
8 QH6,5"H 1742.34
9 QH6,6"H 1393.87
10 QH5,4"H 5006.16
11 QHS5,5"H 125154
12 QH4,5"H 3496.95
13 QH4,6"H 3496.95
14 QH4,7"H 1398.78




15 QH4,8"H 5595.12
16 QH3,6'H 1484.67
17 QH3,7°H 593.87

18 QH3,8"H 2820.87
19 QH2,7"H 11533.8
20 QH2,8"H 11533.8
21 QHI,8"H 32883.6
22 QCI1,1"C 8650.35
23 QC1,2°C 17300.7
24 QC1,3"C 40368.3
25 QC2,4°C 7018.44
26 QC2,5"C 17546.1
27 QC2,6"C 17546.1
28 QC2,7°C 7018.44
29 QC3,8"C 28073.76
30 QW,8"C 29935.64
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31

QW,9'C

1332
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Table S41. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 3.

No. Parameter Value (kW)
1 U(F-C1) = min(55156.1;66319.35) 55156.1
2 U(F-C2) =min(55156.1;42110.64) 42110.64
3 U(H7-C1) = min(9546.06;57669) 9546.06
4 U(H7-C2) =min(21001.33;42110.64) 21001.33
5 U(H6-C1) = min(2439.28;40368.3) 2439.28
6 U(H6-C2) = min(6272.42;42110.64) 6272.42
7 U(H5-C2) = min(17521.56;42110.64) 17521.56
8 U(H4-C2) = min(6993.9;35092.2) 6993.9
9 U(H4-C2) = min(1398.78;7018.44) 1398.78
10 U(H4-C3) = min(6993.9;28073.76) 6993.9
11 U(H4-W) = min(6993.9;31267.64) 6993.9
12 U(H3-C2) = min(1484.67;17546.1) 1484.67
13 U(H3-C2) = min(593.87;7018.44) 593.87
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14 U(H3-C3) = min(3414.74;28073.76) 3414.74
15 U(H3-W) = min(3414.74;31267.641) 3414.74
16 U(H2-C2) = min(11533.8;7018.44) 7018.44
17 U(H2-C3) = min(23067.6;28073.76) 23067.6
18 U(H2-W) = min(23067.6;31267.64) 23067.6
19 U(H1-C3) = min(32883.6;28073.76) 28073.76
20 U(H1-W) = min(32883.6;31267.64) 31267.64
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Table S42. Restrictions describing heat exchangers between utilities and streams from
Example 3.

No. Heat Exchanger Restriction
1 F-Cl Qrc11 T Qrc1z +Qrc13 = Yr-c1Up—c1 =0
2 F-C2 Qrc24 T Qrczs + Qrcze — Yr—c2Up—c2 =0
3 H7-C1 Qu7.c12 T Qu7c13 — Yu7-c1Un1-c1 = 0
4 H7-C2 Qu7,c24 + Qur.c25 + Qurcz6 — Yur-c2Uni—c2 < 0
5 Ho6-C1 Quec1,3 — Yue—c1Uns—c1 =0
6 H6-C2 Qnecz4 + Queczs + Quecze6 — Yue-c2Une-c2 = 0
7 H5-C2 Qus,c24 T Qusczs + Quscze — Yus-c2Uns—c2 = 0

Quac2s + Quacze

(H4-
8 - (yH4—C2)above_ process _pinch (UH4—C2)above_process _pinch
C2) above process pinch
<0
QH4-,C2,7
(H4-
9 - (YHZ—CZ)belaw_process _pinch (UH4—CZ)below_process_pinch
C2) below_process_pinch
<0
10 H4-C3 Quac3zs — YHa-c3Una—c3 <0
11 H4-W QH4—,W,8 + QH4,W,9 - yH4—WUH4—W <0
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QHS,C2,6

(H3-
12 - (YH3—C2)above_process _pinch(UH3—CZ)above_process _pinch
C2) above process pinch
<0
Qusc2,7
(H3-
13 _(yHS—CZ)below_process _pinch(UH3—C2)below_process _pinch <
C2) below process_pinch
0
14 H3-C3 Qus,c3s — Yuz-c3Unz—c3 <0
15 H3-W Qusws T Quaw,o — Yuz-wUnz—w < 0
16 H2-C2 Quzc27 — Yuz-c2Unz-c2 <0
17 H2-C3 Quz,c38 — YHz-c3Unz-c3 <0
18 H2-W Quzws + Quzwo = Yuz-wUpz-w <0
19 H1-C3 Quiczs — Yu1-c3Uni-c3 <0
20 H1-W Quiws + Quiwo — Yu1-wUp1-w <0
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Table S43. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 3.

Heat exchanging

Unit name Heat exchange Interval Value (kW)
streams
QF,C1,1 8650.35
Heater-1 F-Cl1 QF,C1,2 17300.7
QF,CL,3 28880.93
QF,C24 0
Heater-2 F-C2 QF,C2,5 60.67
QF,C2,6 263.46
QH7,C1,2 0
1 H7-C1
QH7,C1,3 9161.63
H5-C2 QH5,C2,4 4724.8
2 H5-C2 QHS5,C2,5 6753.92
H5-C2 QHS5,C2,6 6042.84
H7-C2 QH7,C2,4 2293.64
3
H7-C2 QH7,C2,5 4773.03
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H7-C2 QH7,C2,6 4773.03
4 Ho6-Cl1 QH6,C1,3 2325.74
H4-C2 QH4,C2,5 3496.95
5
H4-C2 QH4,C2,6 3496.95
H6-C2 QH6,C2,4 0
6 H6-C2 QH6,C2,5 2461.53
H6-C2 QH6,C2,6 1485.16
7 H3-C2 QH3,C2,6 1484.67
8 H2-C2 QH2,C2,7 7018.44
9 H1-C3 QH1,C3,8 21079.86
10 H4-C3 QH4,C3,8 6993.9
QH3,W.8 2082.74
Cooler-1 H3-W
QH3,W.9 1332
QH2,W.8 16049.16
Cooler-2 H2-W
QH2,W.9 0
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Cooler-3

QHI,W,8

11803.74

QHI,W,9
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Table S44. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 3 employed to devise the HEN.

Heat
No. Unit name exchanging | Heat exchange Interval | Value (kW)
streams
QF,CL,1 8650.35
1 Heater-1 F-C1 QF,CI1,2 17300.7
QF,CL,3 28880.93
QF,C2,4 0
2 Heater-2 F-C2
QF,C2,5 60.67
3 Heater-3 F-C2 QF,C2,6 263.46
QH7,C1,2 0
4 1 H7-C1
QH7,C1,3 9161.63
5 2 H5-C2 QH5,C2,4 4724.8
6 3 H7-C2 QH7,C2,4 2293.64
7 4 H6-C1 QH6,C1,3 2325.74
8 5 H4-C2 QH4,C2,5 3496.95
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Ho-C2 QH6,C2,4 0
9 6
Ho6-C2 QH6,C2,5 2461.53
10 7 H7-C2 QH7,C2,5 4773.03
11 8 H5-C2 QHS5,C2,5 6753.92
12 9 H7-C2 QH7,C2,6 4773.03
13 10 H5-C2 QHS5,C2,6 6042.84
14 11 Ho6-C2 QH6,C2,6 1485.16
15 12 H4-C2 QH4,C2,6 3496.95
16 13 H3-C2 QH3,C2,6 1484.67
17 14 H2-C2 QH2,C2,7 7018.44
18 15 H1-C3 QHI1,C3,8 21079.86
19 16 H4-C3 QH4,C3,8 6993.9
QH3,W.,8 2082.74
20 Cooler-3 H3-W
QH3,W,9 1332
21 Cooler-2 H2-W QH2,W.8 16049.16
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QH2,W.9 0

QH1,W.,8 11803.74
22 Cooler-1 H1-W

QHI1,W.9 0
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Figure S13. HEN with F and W for Example 3. (a) Heat and (b) cold process pinch side.
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Table S45. Costs for HEN without multiple utilities for Example 3.

Unit name ATim (K) A (m?) Cr (%)
1 40.37 511.18 14998.05
2 10.55 1008.47 19340.17
3 11.9 43411 14301.26
4 30.8 170.09 12052.54
5 10.09 780.87 17388.04
6 21.34 259.83 12745.66
7 10.09 1065.82 19823.92
8 20.62 737.84 17012.49
9 10.37 1036.57 19577.53
10 46.31 293.88 13040.76
11 16.46 203.18 12285.59
12 10.37 759.44 17201.27
13 10.37 322.43 13293.7
14 13.54 1167.66 32647.07
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15 14.42 3291.88 60263.69

16 34.76 453.16 14473.84
Heater-1 461.06 267.85 12814.37
Heater-2 550.1 0.25 17830.03
Heater-3 599.83 0.99 17830.03
Cooler-1 16.99 1565.23 34683.81
Cooler-2 49.61 728.63 16931.88
Cooler-3 30.42 252.81 12686.11
Total 423221.79
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Example 3 with multiple utilities
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Figure S14. Grand Composite Curve for Example 3. Equation “y=0.0022x+541.1583”
corresponds to the 613 K and 543 K line. Moreover, the equation “y= -0.0013x+411.678”
describes the line between 403 K and 383 K.
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Figure S15. Temperature intervals for Example 3 with multiple utilities.
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Table S46. Energy balances for Example 3 with multiple utilities.
No. Stream Energy balance
1 Rpy + Qpciy = QF1
2 F Rrz + Qpciz — Req = QF,
3 Rp3+ Qpcis — Rrz = QF 5
4 Ry72 + Qurciz = Qfi72
5 Qu7,c13 — Ry72 = Qg7,3
6 Ry74+Qu7c14 = Qff7a
H7
7 Ry75tQu7,c25 — Ruza = ngs
8 Ry7,6+Qu7,c26 — Ruzs = Qfiz6
9 Qu7,c27 — Ru7e = Qg7,7
10 Ryes + Quecrs = Qo3
11 Rusa + Quecra = Qfisa
12 H6 Rye,s5+Que,c2,5 — Rusa = Qffe,s
13 Rye,61Qne,c2.6 — Rues = Qe
14 Qne,c27 — Ruee = Qg6,7
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15 Rg4+Qsc14 = QF4
16 Rgs+Qsc25 — Rsa = Qgs
S
17 Rs6+Qsc26 — Rss = Qs
18 Rs7+Qsc27 — Rse = Q45
19 Ryss + Quscas = Qfiss
20 H5 Ryse + Qusc26 — Russ = Qgs,e
21 Rys7 + Qusc27 — Ruse = Q55,7
22 RH4,6 + QH4-,C2,6 = QII:II4,6
23 QH4,C2,7 - RH4,6 = Qg4,7
24 Rysg + Quaczs + Quaprws = Qliag
H4
25 Quac30 + Quaprwo — Ruag = Qo
26 Rys10 + QuacziotQuawio = Qliaro
27 QH4,W,11_RH4,10 = Q11-114,11
28 Rys7 + Quzcz7 = Qhzz
H3
29 Ruzg + Quaczs + Quzprws = Qfizg
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30 Qu3z,c3o + Quaprwo — Ruzg = Qffz0
_ NH
31 Rysz 10 + Quscz 0t Quzw,1i0 = Qrs 10
32 QH3,W,11 - RH3,10 = Q£113,11
33 Ryzg + Quzczs + Quaprws = Qliag
34 Quz,c390 + Quzprwo — Ruzg = Q20
H2
35 Ryz10 + Quzc310tQuawio0 = Qliz10
36 QHZ,W,ll - RH2,10 = Q11-112,11
37 Ry + QuiczotQuiprwo = Qf1o
38 H1 Ry110 + QuicziotQuiwio = Qfiv10
39 QHl,W,ll - RH1,10 = Q£111,11
40 Q = QC
F.C11 €11
41 Qu7,c12 + Qrc12 = Qcc‘1,2
Cl1
_ nC
42 Quec13 + Qu7c13 + Qrc13 = Qc1s
_ nC
43 Qsc1,41CQuec1a + Quzcia = Qc1a
_ AC
44 C2 Qus,c2s T Queczs + Quzczs + Usczs = Qczs
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45 Quacze6 T Qusc26 T Quecze + Qurcze + Uscze = ng,s
46 Qus,c2,7 + Quacz7 + Qusc27 + Quecz7 + Qurca7 + Oscz7
= ng,7

47 Quzc28 + Qusczs + Quaczs = ng,s
48 Qui,c3o + Quzc3o + Quscso + Quacso = Qg3,9

C3
49 Quiczio + Quzczio + Qusczio + Quacsio = Qésao
50 Quz,srws + Quzprw,s + Quaprw,s = QgFW,S

BFW

51 Quisrw,o + Quzsrwo + Qusprw,o + Quaprw,o = QgFW,9
52 Quiw,0 T Quzw,10 + Qusw,i0 + Quaw,10 = QVCV,10

\"Y
53 Quiwi1 T Quzwai1 + Quawir + Quaw,11 = Qlfv,n
54 QY. + QY + QY = 3094357
55 Q§{4 + Q?S + Qge + Qg7 = 24212.54
56 QSrws + QSpwe = 2139437
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Table S47. Variables to solve the energy balances for Example 3 with multiple utilities.

No. Continuous variables

1 RS,14

2 QF,C1,1¢
3 QF,1"H¢
4 QF,Cl1,2¢
5 RF,24

6 QF,2"H*
7 QF,C1,34
8 QF,3"H*
9 QS,C1,4°
10 RS, 4"

11 QS,4"H?
12 QS,C2,5°
13 RS,5"

14 QS,5"H?
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15 QS,C2,6
16 RS,6°
17 QS,6"H?
18 QsS,C2,7°
19 QS,7"H?
20 QH7,C1,2¢
21 RH7,2¢
22 QH7,C1,3¢
23 QH7,C1,4¢
24 RH7,4¢
25 QH7,C2,5¢
26 RH7,5¢
27 QH7,C2,6¢
28 RH7,6¢
29 QH7,C2,7¢
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30 QH6,C1,3¢
31 RH6,3¢
32 QH6,C1,4¢
33 RH6,4¢
34 QH6,C2,5¢
35 RH6,57
36 QH6,C2,6¢
37 RH6,67
38 QH6,C2,7¢
39 QHS5,C2,5¢
40 RH5,5¢
41 QH5,C2,6¢
42 RH5,6¢
43 QH5,C2,7¢
44 QHS5,7"He
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45 QH4,C2,6/
46 RH4,6/
47 QH4,C2,7
48 QH4,C2.8
49 QH4,BFW,8/
50 RH4,8"

51 QH4,C3,9
52 QH4,BFW,9"
53 QH4,C3,10/
54 QH4,W,10/
55 RH4,10
56 QH4,W,11/
57 QH4,11"H/
58 QH3,C2,7¢
59 RH3,78
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60 QH3,C2,8¢
61 QH3,BFW,8¢
62 RH3,8¢

63 QH3,C3,9¢
64 QH3,BFW,9¢
65 QH3,C3,10¢
66 QH3,W,10¢
67 RH3,10¢
68 QH3,W,11¢
69 QH3,11"H#
70 QH2,C2,8"
71 QH2,BFW, 8"
72 RH2,8"

73 QH2,C3,9"
74 QH2,BFW,9"
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75 QH2,C3,10”
76 QH2,W,10"
77 RH2,10"
78 QH2,W, 11
79 QH2,117H"
80 QH1,C3,9
81 QH1,BFW.,9'
82 RHL,9
83 QH1,C3,10°
84 QHI1,W, 10’
85 RHIL, 10
86 QHI,W, 11
87 QHI,11"H
88 QBFW,8"C/
89 QBFW,9°C/
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90 Y(F-C1)*

91 Y(S-C1)f

92 Y(S-C2)f

93 Y(H7-C1) above S pinch*

94 Y(H7-C1) above process_pinch®
95 Y(H7-C2)

96 Y(H6-C1) above S pinch®

97 Y(H6-C1) above process pinch*
98 Y (H6-C2)f

99 Y (H5-C2)*

100 Y(H4-C2) above process_pinch’
101 Y(H4-C2) above BFW _pinch*
102 Y(H4-C3) above BFW_pinch*
103 Y(H4-C3) below BFW _pinch*
104 Y(H4-BFW) 8§k
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105 Y(H4-BFW) 9k

106 Y(H4-W)

107 Y(H3-C2) above process_pinch®
108 Y(H3-C2) above BFW_pinch*
109 Y(H3-C3) above BFW_pinch*
110 Y(H3-C3) below BFW_pinch*
111 Y(H3-BFW) 8§

112 Y(H3-BFW)_9F

113 Y(H3-W)*

114 Y(H2-C2)¢

115 Y(H2-C3)*

116 Y(H2-C3)F

117 Y(H2-BFW)_8

118 Y(H2-BFW) 9%

119 Y(H2-W)
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120 Y(H1-C3) above BFW_pinch*

121 Y(H1-C3) below BFW_pinch
122 Y(H1-BEW)
123 Y(HI-W)t

Continuous variables related to “F, S, and /BFW utility streams, ‘H7, “H6, °H5, /H4, €H3,
"2, and 'H1 hot streams. “Discrete variables regarding possible heat exchange between the
streams involved in the HEN. The objective function is the minimization of the sum of the
discrete variables mentioned above.
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Table S48. Constant parameters to solve energy balances for Example 3 with multiple
utilities.

No. Parameter Value (kW)
1 QH7,2"H 2863.82
2 QH7,3"H 1680.11
3 QH7,4"H 5002.14
4 QH7,5"H 1909.21
5 QH7,6"H 4773.03
6 QH7,7"H 4773.03
7 QH6,3"H 613.3
8 QH6,4"H 1825.97
9 QH6,5"H 696.94
10 QH6,6"H 1742.34
11 QH6,7"H 1393.87
12 QHS5,5"H 5006.16
13 QHS5,6r'H 12515.4
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14 QH4,6"H 3496.95
15 QH4,7"H 3496.95
16 QH4,8"H 1398.78
17 QH4,9"H 1388.29
18 QH4,10°"H 4206.83
19 QH3,7°H 1484.67
20 QH3,8"H 593.87
21 QH3,9"H 589.41
22 QH3,10°H 2231.46
23 QH2,8"H 11533.8
24 QH2,9"H 11447.3
25 QH2,10°H 86.5
26 QH1,9"H 6527.4
27 QH1,10H 26356.21
28 QC1,1°C 8650.35
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29 QC1,2”C 17300.7
30 QC1,3”C 10149.74
31 QC1,47C 30218.56
32 QC2,5"C 7018.44
33 QC2,6nC 17546.1

34 QC2,7°C 17546.1

35 QC2,8"C 7018.44
36 QC3.9°C 5066.04
37 QC3,10"C 23007.72
38 QW,10"C 9363.86
39 QW,11"C 509.42
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Table S49. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 3 with multiple utilities.

No. Parameter Value (kW)
1 U(F-C1) = min(30943.57; 36100.79) 30943.57
2 U(S-C1) = min(24212.54; 30218.56) 24212.54
3 U(S-C2) = min(24212.54; 42110.64) 24212.54
4 U(H7-C1) above S pinch = min (4543.92; 27450.44) 4543.92
5 U(H7-C1)_above process_pinch = min(5002.14; 30218.56) | 5002.14
6 U(H7-C2) = min(16457.41; 42110.64) 16457.41
7 U(H6-C1) above S pinch =min(613.3; 10149.74) 613.3
8 U(H6-C1) above process pinch = min(1825.97; 30218.56) | 1825.97
9 U(H6-C2) = min(5659.12; 42110.64) 5659.12
10 U(HS5-C2) = min(17521.56; 42110.64) 17521.56
11 U(H4-C2) above process_pinch = min(6993.9; 35092.2) 6993.9
12 U(H4-C2) above BFW_pinch = min(1398.78; 7018.44) 1398.78
13 U(H4-C3) above BFW_pinch = min(2787.07; 5066.04) 2787.07
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14 U(H4-C3) below BFW_pinch = (4206.83; 23007.72) 4206.83
15 U(H4-BFW) 8 = min(1398.78; 21394.37) 1398.78
16 U(H4-BFW) 9 =min(1388.29; 21394.37) 1388.29
17 U(H4-W) = min(4206.83; 9873.28) 4206.83
18 U(H3-C2) above process pinch = min(1484.67; 17546.1) 1484.67
19 U(H3-C2) above BFW _pinch = min(593.87; 7018.44) 593.87
20 U(H3-C3) above BFW_pinch = min(1183.28; 5066.04) 1183.28
21 U(H3-C3) below BFW_pinch = min(2231.46; 23007.72) 2231.46
22 U(H3-BFW) 8 =min(593.87; 21394.37) 593.87
23 U(H3-BFW) 9 =min(589.41; 21394.37) 589.41
24 U(H3-W) = min(2231.46; 9873.28) 2231.46
25 U(H2-C2) = min(11533.8; 7018.44) 7018.44
26 U(H2-C3) = min(22981.1;5066.04) 5066.04
27 U(H2-C3) = min(86.5;23007.72) 86.5
28 U(H2-BFW) 8 =min(11533.8;21394.37) 11533.8
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29 U(H2-BFW) 9 =min(11447.3;21394.37) 11447.3
30 U(H2-W) = min(86.5;9873.28) 86.5
31 U(H1-C3) above BFW_pinch = min(6527.4; 5066.04) 5066.04
32 U(H1-C3) below BFW pinch = min(26356.21; 23007.72) | 23007.72
33 U(H1-BFW) = min(6527.4;21394.37) 6527.4
34 U(HI1-W) =min(26356.2; 9873.28) 9873.28
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Table S50. Restrictions describing heat exchangers between utilities and streams from
Example 3 with multiple utilities.

No. Heat Exchanger Restriction
1 F-Cl Qrciat Qrci2 + Qrc13 = Yr—c1Up—c1 <0
2 S-Cl1 Qsc1a = YVs-c1Us—c1 =0
3 S-C2 Qsc2,5 + Usc26 + Usc27 — Vs—c2Us—c2 <0
(H7-C1)_abOVe_S_pinCh QH7,C1,2 + QH7,C1,3
4
- (YH7—C1)above_S_pinch(UH7—C1)above_S_pinch <0
(H7' QH7,C1,4
5 Cl)_above_process_pinch - (YH7—C1)above_process_pinch(UH7—C1)above_process_pinch
<0
6 H7-C2 QH7,C2,5 + QH7,C2,6 + QH7,C2,7 - yH7—C2UH7—C2 < 0
(H6-C1) _above S pinch Que,c13
7
- (yHﬁ—Cl)above_S_pinch(UHG—Cl)above_S_pinch <0
(H6‘ QH6,61,4
8 Cl)_above_process_pinch - (:VH6—Cl)above_process_pinch (UH6—61)above_process_pinch
<0
9 H6-C2 Quec2s + Quecze T Qnecz7 — Yue-c2Une-c2 <0
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10 H5-C2 Qus,c2s t Quscz26 T Qusc27 — Yus—c2Uns—c2 <0
(H4- Quac26 T QHac2,7
11 C2)_above_process_pinch - (:VH4-—(32)above_process_pinch (UH4—C2)above_process_pinch
<0
(H4-C2) QHac2s8
12 _above_BFW_pinch - (YH4—CZ)above_BFW_pinch(UH4—C2)above_BFW_pinch
<0
(H4' QH4-,C3,9
13 C3)_above_BFW_pinch - (yH4—C3)above_BFW_pinch(UH4—C3)above_BFW_pinch
<0
(H4' QH4,C3,10
14 | C3)_below BFW _pinch | — (y,,_¢3) vetow BFW pinch (Una—c3) below BFW pinch
<0
15 (H4'BFW)_8 QH4,BFW,8 - (yH4—BFW)8(UH4—BFW)8 < 0
16 (H4-BFW)_9 Quaprw,o — (Vha-srw)o(Una—prw)e < 0
17 H4-W Quaw,0 + Quaw,i1 — Yaa-wUna-w <0
(H3 = QHS,C2,7
18 C2)_ab0ve_process_pinch - (YH3—Cz)above_process_pinch (UH3—Cz)above_process_pinch

<0
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(H3-

QH3,C2,8

19 | C2)_above BFW pinch | — (Yu3—c2) above BFw pinch (Unz—c2) above BFW pinch
<0
(H3- Qus,c3,9
20 | C3)_above BFW pinch | — (Yu3-c3)avove BFw pinch (Uns—c3) above BFW pinch
<0
(H3- Qnuz,c310 —
21 | C3)_below_BFW_pinch (Yu3—-c3)vetow _BFw pinch (Unz—c3)below BFW pinch <
0
22 (H3-BFW)s Qussrw,s — Vuz—prw)s(Unz—prw)s < 0
23 (H3-BFW)o Quzsrw,o — Vuz—prw)o(Uns—prw)o < 0
24 H3-W Qusw,i0 + Quswi11 — Yuz-wUns-w <0
25 H2-C2 Quz,c28 — YH2-c2Un2-c2 <0
(H2- Quz,c3,9
26 | C3)_above BFW pinch | — (Yuz2-c3) above BFw pinch (Unz—-c3) above BFW pinch
<0
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(H2-

QHZ,C3,10

27 | C3)_below_BFW_pinch | — (Yuz2-c3)velow _BFw pinch (Unz—c3)below _BFW pinch
<0
28 (H2-BFW)s Quz,srws — Vuz-srw)s(Unz—prw)s < 0
29 (H2-BFW)o Quz,erw,0 — Vr2—rw)o(Unz_prw)e < 0
30 H2-W Quzw.10 t Quzwi1 — Yuz-wUnz-w < 0
(HI- Qu1,c3,9
31 C3)_above_BFW_pinCh - (yHl—C3)above_BFW_pinch (UHl—CS)above_BFW_pinch
<0
(H1- Qu1,c3,10
32 | C3)_below BFW pinch | — (yy1_c3)pelow srw pinch (Uni-c3)below BFw pinch
<0
33 H1-BFW Qu1,8Fw,9 — Yu1-BrwUn1-rw < 0
34 H1-W Quiw.io + Quiwi1 — Yu1-wUn1-w < 0
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Table S51. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 3 with multiple utilities.

Unit name | Heat exchanging streams | Heat Exchange interval Q(kW)
QF,C1,1 8650.35
Heater F-Cl1 QF,C1,2 14436.88
QF,C1,3 7856.33
QH7,C1,2 2863.82
1 (H7-C1) above S pinch
QH7,C1,3 1680.11
2 (H6-C1) __ above S pinch QH6,C1,3 613.3
3 S-C1 QS,Cl1,4 24212.54
QH5,C2,5 4771.96
4 H5-C2 QHS5,C2,6 6580.2
QH5,C2,7 6169.4
(H6-C1)
5 QHo6,C1,4 1488.70
above process pinch
(H7-C1)_
6 QH7,Cl1,4 4517.31
above process pinch
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QH7,C2,5 2246.48
7 H7-C2 QH7,C2,6 4879.26
QH7,C2,7 4814.35
QH6,C2,5 0
8 He6-C2 QHo6,C2,6 2589.68
QH6,C2,7 1580.73
(H4- QH4,C2,6 3496.95
9
C2) above process pinch QH4,C2.7 3496.95
(H3-
10 QH3,C2,7 1484.67
C2) above process_pinch
11 H2-C2 QH2,C2,8 7018.44
(H1-
12 QHI1,C3,9 1095.69
C3) above BFW pinch
(H3-
13 QH3,C3.,9 1183.28

C3) above BFW pinch
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(H4-

14 QH4,C3,9 2787.07
C3) above BFW_pinch
15 HI1-BFW QHI1,BFW,9 5431.71
16 (H2-BFW) 8 QH2,BFW,8 4515.36
17 (H2-BFW) 9 QH2,BFW,9 114473
(H1-
18 QHI1,C3,10 23007.72
C3) below BFW _pinch
QH4,W,10 3704.51
Cooler-1 H4-W
QH4,W.,11 502.33
QH3,W.,10 2231.46
Cooler-2 H3-W
QH3,W,11 0
QH2,W,10 79.41
Cooler-3 H2-W
QH2,W.,11 7.09
QH1,W.,10 3348.48
Cooler-4 HI-W
QHI1,W,11 0
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Table S52. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 3 with multiple utilities employed to devise
the HEN.

Unitname | Heat exchanging streams | Heat Exchange interval Q (kW)
QF,C1,1 8650.35
Heater F-Cl1 QF,C1,2 14436.88
QF.C1,3 7856.33
QH7,C1,2 2863.82
1 (H7-C1)_above S pinch
QH7,C1,3 1680.11
2 (H6-C1)__ above S pinch QHo6,C1.,3 613.3
3 S-Cl1 QS,Cl,4 24212.54
4 H5-C2 QHS5,C2,5 4771.96
(H6-C1)
5 QH6,C1,4 1488.7
above process_pinch
(H7-C1)_
6 QH7,Cl,4 4517.32
above process pinch
7 H7-C2 QH7,C2,5 2246.48
8 He6-C2 QH6,C2,5 0
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He6-C2 QH6,C2,6 2589.68
9 H7-C2 QH7,C2,6 4879.26
10 H5-C2 QHS5,C2,6 6580.2
(H4-
11 QH4,C2,6 3496.95
C2) above process pinch
12 H5-C2 QHS5,C2,7 6169.4
13 He6-C2 QHo6,C2,7 1580.73
14 H7-C2 QH7,C2,7 4814.35
(H4-
15 QH4,C2,7 3496.95
C2) above process pinch
(H3-
16 QH3,C2,7 1484.67
C2) above process pinch
17 H2-C2 QH2,C2,8 7018.44
(H1-
18 QH1,C3,9 1095.69
C3) above BFW pinch
(H3-
19 QH3,C3.9 1183.28

C3) above BFW pinch
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(H4-

20 QH4,C3,9 2787.07
C3) above BFW_pinch
(H2-BFW) 8 QH2,BFW,8 4515.36
21
(H2-BFW) 9 QH2,BFW,9 11447.3
22 HI1-BFW QHI1,BFW,9 5431.71
(H1-
23 QHI1,C3,10 23007.72
C3) below BFW _pinch
QH4,W,10 3704.51
Cooler-4 H4-W
QH4,W.,11 502.33
QH3,W.,10 2231.46
Cooler-3 H3-W
QH3,W,11 0
QH2,W,10 79.41
Cooler-2 H2-W
QH2,W.,11 7.09
QH1,W.,10 3348.48
Cooler-1 HI-W
QHI1,W,11 0
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Table S53. Costs for HEN with multiple utilities for Example 3.

Unit name ATim (K) A (m?) Cr (%)
1 24.26 421.93 14190.91
2 13.88 99.53 11813.77
3 25.26 2159.12 39877.69
4 10.46 1027.42 19500.31
5 33.22 100.94 11811.42
6 29.73 342.19 13470.53
7 13.23 382.33 13832.44
8 25.6 227.85 12479.28
9 10.98 1000.86 19275.77
10 20.52 722.37 16877.01
11 10 787.6 17446.58
12 46.16 301 13103.48
13 17.58 202.52 12280.6
14 10.22 1061.5 19787.6
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15 10 787.6 17446.58

16 10 334.39 13400.58

17 13.54 1167.66 32647.07

18 10.47 235.63 12542.77

19 19.66 135.58 11868.61
20 19.66 319.35 13266.22

21 16.92 723.13 16883.62
22 20.79 1729.49 36160.24

23 14.42 3592.94 44499.58

Heater 441.44 157.88 11978.4
Cooler-1 16.99 444.02 14391.09

Cooler-2 40.58 4.8 30645.7
Cooler-3 18.86 266.51 12802.78
Cooler-4 23.97 395.24 13949.18
Total 518229.77
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Example 4 without multiple utilities
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Table S54. Source and target temperatures, C value, and the multiple utilities for Example

4.
Target
arge C
Stream Source Temperature T5(K) | Temperature Reference
-1
Cl 269.3 488.7 36.93 (Seider,
Seader,
H1 533.2 316.5 10.55
Lewin, &
H2 4943 383.2 26.38 Widagdo,
2009)
H3 477.5 316.5 15.83
(Chang et al.,
HPS 553.15 553.15
2017)
(Biegler et al.,
S 500 500
1999)
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Table S55. Adjusted temperatures using the Temperature Interval method for Example 4 with
ATmin=25.833 K.

C Adjusted temperaturas
Stream T(K) TY(K)
(kW K) TS(K) T{(K)
Cl 269.3 488.7 36.93 269.3 488.7
H1 533.2 316.5 10.55 507.37 290.67
H2 4943 383.2 26.38 468.47 357.37
H3 477.5 316.5 15.83 451.67 290.67
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Table S56. MER targets and the pinch values using the Temperature interval method for
Example 4.

Cascaded enthalpy with
>.Cu-y Cc Enthalpy Cascaded
Intervals the heat value for the
a (kW)
(kW K™) enthalpy (kW)
High-pressure steam (kW)
336.81

507.37 488.7 10.55 196.94 196.94 533.75
488.7 | b468.47 -26.38 -533.75 -336.81 0
468.47 | “451.67 0 0 -336.81 0
451.67 | 357.37 15.83 1492.77 1155.96 1492.77
357.37 | 290.67 -10.55 -703.69 45227 789.08
290.67 269.3 -36.93 -789.08 -336.81 d(

“High-pressure steam value

PFirst pinch temperature for cold streams
“Second pinch temperature for cold streams
dWater value
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Figure S17. Temperature intervals for Example 4.
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Table S57. Energy balances for Example 4.

No. Stream Energy balances
1 HPS Rupsy = Qgpsa
2 Qups,c12 — Rupsy = Qgps,z
3 Ru1z + Quiciz = Qff12
4 Hi1 Ryi3+ Quiciz = Qg1,3
5 Ruia + Quicia = Qhra
6 Ryz3 + Quzc1s = Qhizs
H2
7 Ruza + Quzcia = Qhiza
8 H3 Rusa + Quscia = Qhiza
9 Qupsciz + Quiciz = Qi
10 Cl Quicis + Quzc1s = Qas
11 Quicia + Quzcia + Quscra = Qra
12 Qfips1 + Qfips2 = 336.81
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Table S58. Variables to solve the energy balances for Example 4.

No. Variable
1 RHPS, 14
2 QHPS,1"H”
3 QHPS,C1,27
4 QHPS,2"H”
5 RH1,2°
6 QH1,C1,2?
7 RH1,3?
8 QH1,C1,3?
9 RH1,4°
10 QH1,C1,4%
11 RH2,3¢
12 QH2,C1,3¢
13 RH2,4¢
14 QH2,C1,4¢
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15 RH3,4¢

16 QH3,C1,4¢

17 y(HPS-C1)°

18 y(H1-C1) above pinch 1¢
19 y(H1-C1) above pinch 2¢
20 y(H1-C1) below_ pinch 2¢
21 y(H2-C1) above pinch 2¢
22 y(H2-C1) below pinch 2¢
23 y(H3-C1) below_pinch 2¢

Continuous variables related to “HPS utility stream, H1, ‘H2 and “H3 hot streams. °Discrete
variables regarding possible heat exchange between the streams involved in the HEN. The
objective function is the minimization of the sum of the discrete variables mentioned above.
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Table S59. Constant parameters to solve energy balances for Example 4.

No. Parameter Value (kW)

1 QH1,2"H 410.4

2 QH1,3"H 177.24
3 QH1,4"H 1698.55
4 QH2,3"H 443.18
5 QH2,4"H 2487.63
6 QH3,4"H 2548.63
7 QC1,2”C 747.21

8 QC1,3~C 620.42
9 QC1,47C 6734.81
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Table S60. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 4.

No. Parameter Value (kW)
1 U(HPS-C1)=min(336.81;747.21) 336.81

2 U(H1-C1) _above pinch 1=min(410.4;747.21) 410.4

3 U(H1-C1) above pinch 2=min(177.24;620.42) 177.24
4 U(H1-C1) below pinch 2=min(1698.55;6734.81) 1698.55
5 U(H2-C1) above pinch 2=min(443.18;620.42) 443.18

6 U(H2-C1) below_pinch 2=min(2487.63;6734.81) 2487.63
7 U(H3-C1) below pinch 2=min(2548.63;6734.81) 2548.63
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Table S61. Restrictions describing heat exchangers between utilities and streams from
Example 4.

No. Heat exchanger Restrictions
(HPS-C1)
1 Qups,c1,2 — Yups,c1Unpsc1 = 0
c b(Hl_ ch 1 Qui,c12
) —APOVEPINCLE | — (yyic1)_above_pinch_1(Uyyc1)_above_pinch_1
<0
c b(Hl_ ch 2 Qui,c13
3 —APOVE P2 | (yy1c1)_above_pinch_2(Uyy ¢1)_above_pinch_2
<0
(HI'C,I) Qni,c1,4
4 _below_pinch_2 — (Y1,c1)_below_pinch_2(Uyy ¢, )_below_pinch_2
<0
(HZ'C,I) Quz,c13
5 _above_pinch_2 — (Yuz,c1)—above_pinch_2(Uyy 1) _above_pinch_2
<0
(HZ'C,I) Quz,c1,4
6 _below_pinch_2 — (Yuz,c1)_below_pinch_2(Uy, 1 )_below_pinch_2
<0
(H3'Cl) Quz,c1,4
7 _below_pinch_2 — (Yus,c1)_below_pinch_2(Uys ¢4 ) _below_pinch_2
<0
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Table S62. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 4.

Heat exchanging
Unit name Heat exchange Interval Value (kW)
streams

Heater HPS-C1 QHPS,C1,2 336.81
1 HI-C1 QHI1,C1,2 410.4
2 HI-C1 QH1,C1,3 177.24
3 H2-Cl QH2,C1,3 443.18
4 HI-C1 QH1,C1,4 1698.55
5 H2-Cl QH2,Cl1,4 2487.63
6 H3-C1 QH3.,C1,4 2548.63
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Figure S18. HEN with HPS for Example 4.
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Table S63. Costs for HEN without multiple utilities for Example 4.

Unit name ATLMm(K) A (m?) Cr(8)

1 38.04 24.3 14689.69

2 25.84 15.45 17120.31

3 25.83 38.64 13094.77

4 35.44 107.93 11806.58

5 59.02 94.93 11825.03

6 35.44 161.95 12002.23
Heater 68.91 11.01 17830.03
Total 98368.64
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Example 4 with multiple utilities
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Figure S19. Grand Composite Curve for Example 4. Equation “y=0.0379x+468.867”
corresponds to the line between 488.7 K and 451.67 K.
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Figure S20. Temperature intervals for Example 4 with multiple utilities.
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Table S64. Energy balances for Example 4 with multiple utilities.

No. Stream Energy balance
1 RHPS,l = Qgps,1
HPS
2 QHPS,C1,2 - RHPS,l = Qgps,z
3 Ry12 + Quiciz = Qfirz
4 Ry13 + Quiciz = Qfivs
H1
5 RH1,4 + QHl,C1,4 = Q1511,4
6 Ryis + Quicis = Q1511,5
7 S Rg3 + Qsc13 = Q83
8 Ruza + Quzcia = Qhiza
H2
9 Rizs + Quacis = Qfias
10 H3 Ryzs + Quscis = Qfiss
11 QHPS,C1,2 + QH1,C1,2 = Qcc‘1,2
12 Qsc13 + Quiciz = Qg1,3
Cl1
13 Quicia T Quzcra = Qg1,4
14 Quicis + Quacis + Quacis = Qfs

173




15

Qiips1 + Qfips, = 186.44
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Table S65. Variables to solve the energy balances for Example 4 with multiple utilities.

No. Variable
1 RHPS, 1°
2 QHPS,1"H*
3 QHPS,C1,2¢
4 QHPS,2"H*
5 RH1,2°
6 QH1,C1,2°
7 RH1,3”
8 QH1,C1,3?
9 RH1,4°
10 QH1,C1,4°
11 RH1,5
12 QHI,C1,5°
13 RS,3¢
14 Qs,C1,3¢
15 RH2,4¢
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16 QH2,C1,4¢

17 RH2,5¢

18 QH2.C1,5¢

19 RH3,5¢

20 QH3,C1,5¢

21 y(HPS-C1Y

22 y(H1-C1) above S pinch 1/
23 y(H1-C1) above pinch 1/
24 y(H1-C1) above pinch 2/
25 y(H1-C1) below pinch 2/
26 y(S-C1)_above pinch 1/
27 y(H2-C1)_above pinch 2/
28 y(H2-C1) below pinch 2/
29 y(H3-C1) below pinch 2/

Continuous variables related to “HPS and S utility streams, ’H1, and “H2, and °H3 hot
streams. /Discrete variables regarding possible heat exchange between the streams involved
in the HEN. The objective function is the minimization of the sum of the discrete variables
mentioned above.
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Table S66. Constant parameters to solve energy balances

utilities.

for Example 4 with multiple

No. Parameter Value (kW)
1 QHI1,2"H 350.26
2 QH1,3"H 60.14
3 QH1,4"H 177.24
4 QH1,5"H 1698.55
5 QS,3"H 150.37
6 QH2,4"H 443.18
7 QH2,5"H 2487.63
8 QH3,5"H 2548.63
9 QCL,2"C 536.7
10 QCI1,3~C 210.5
11 QC1,47C 620.42
12 QCI1,57C 6734.81
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Table S67. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 4 with multiple utilities.

Value
No. Parameter
(kW)
1 U(HPS-C1)=min(186.44;536.7) 186.44
U(H1-
2 350.26
Cl) above S pinch 1=min(350.26;536.7)
3 U(H1-C1) _above pinch 1=min(60.14;210.5) 60.14
4 U(H1-C1) above pinch 2=min(177.24;620.42) 177.24
U(H1-
5 1698.55
C1) below pinch 2=min(1698.55;6734.81)
6 U(S-C1)_above pinch 1=min(150.37;210.5) 150.37
7 U(H2-C1) above pinch 2=min(443.18;620.42) | 443.18
U(H2-
8 2487.63
C1) below pinch 2=min(2487.63;6734.81)
U(H3-
9 2548.63
C1) below pinch 2=min(2548.63;6734.81)

178



Table S68. Restrictions describing heat exchangers between utilities and streams from
Example 4 with multiple utilities.

No. Heat exchanger Restriction
1 HPS-C1 Qups,c1,2 = Yups,c1Unpsc1 < 0
Q11,2
(H1-
2 — (yu1,c1)—above_pinch_1(Uyy ¢1)_above_pinch_1
Cl1) above S pinch
<0
Qn1,c1,3
(H1-
3 - (yHl,Cl)_above_pinch_l(UHl,Cl)_above_pinch_l
C1) above pinch 1
<0
Qu1,c14
(H1-
4 — (yHl,Cl)_above_pinch_Z(UHLCl)_above_pinch_Z
C1) above pinch 2
<0
Qn1,c15
(H1-C1)
5 — (Yu1,c1)_below_pinch_2(Uyy ¢1)_below_pinch_2
_below_pinch 2
<0
Usc13
(S-
6 — (¥s5,c1)_—above_pinch_1(Us ¢, )_above_pinch_1
C1)_above pinch 1
<0
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Qn2,c1,4
(H2-C1)
- (sz,Cl)_above_pinch_Z(UHZ,Cl)_above_pinch_Z
_above pinch 2
<0

QHZ,Cl,S
(H2-C1)

— (Yuz,c1)_below_pinch_2(Uyy ¢1)_below_pinch_2
_below_pinch 2

<0

QH3,Cl,5
(H3-C1)

- (yH3,Cl)_below_pinch_2 (UH3,Cl)_below_pinch_2
_below_pinch 2

<0
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Table S69. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 4 with multiple utilities.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)
Heater HPS-C1 QHPS,C1,2 186.44
1 H1-Cl QH1,C1,2 350.26
2 S-Cl1 QS,C1.,3 150.37
3 H1-Cl QH1,C1,3 60.14
4 H1-Cl QHI1,C1,4 177.24
5 H2-Cl QH2,C1,4 443.18
6 H1-Cl QHI1,C1,5 1698.55
7 H2-Cl QH2,C1,5 2487.63
8 H3-C1 QH3,C1,5 2548.63
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Figure S21. HEN with multiple utilities for Example 4.
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Table S70. Costs for HEN with multiple utilities for Example 4.

Unit name ATLMm(K) A (m?) Cr(8)

1 36.40 21.67 15211.91

2 27.82 12.17 17830.03

3 27.82 4.87 17830.03

4 25.83 15.45 17120.31

5 25.83 19.32 15794.79

6 35.44 35.98 13291.64

7 59.02 23.73 14792.84

8 35.44 32.39 13611.73
Heater 66.94 6.27 17830.03
Total 143313.31
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Example 5 without multiple utilities
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Table S71. Source and target temperatures, C value, and the multiple utilities for Example

5.
Source Temperature | Target Temperature C
Stream Reference
T5(°C) T'(°C) (kW °C™)
Cl 52 360 143.9
H1 310 95 86
H2 299 120 21.4
(Jiang et al., 2014)
H3 273 250 184.7
H4 230 95 235
H5 206 178 129.4
F 800 800 (Chang et al., 2017)
(Seider, Seader, Lewin, &
S 332.25 332.25
Widagdo, 2009)
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Table S72. Adjusted temperatures using the Temperature Interval method for Example 5 with
ATmin=10 °C.

Adjusted temperaturas
Stream T5(°C) T'(°C) C(kW °C™

T5(°C) T'(°C)
Cl 52 360 143.9 52 360
H1 310 95 86 300 85
H2 299 120 214 289 110
H3 273 250 184.7 263 240
H4 230 95 235 220 85
H5 206 178 129.4 196 168
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Table S73. MER targets and the pinch value using the Temperature interval method for
Example 5.

Cascaded enthalpy with
> Cu-y Cc Enthalpy Cascaded
Intervals the heat value for the
o1 (kW)
(kW °CH) enthalpy (kW)
Fuel (kW)
10956.84
360 | 300 -143.9 -8634 -8634 2322.8
300 | 289 -57.9 -636.9 -9270.9 1685.9
289 | 263 -36.5 -949 -10219.9 736.9
263 | 240 148.2 3408.6 -6811.3 4145.5
240 | 220 -36.5 -730 -7541.3 3415.5
220 | 196 -13 -312 -7853.3 3103.5
196 | 168 116.4 3259.2 -4594.1 6362.7
168 | 110 -13 =754 -5348.1 5608.7
110 | 85 -34.4 -860 -6208.1 4748.7
85 | 52° -143.9 -4748.7 -10956.8 0

“Fuel value
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bPinch temperature for cold streams
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Figure S22. Temperature intervals for Example 5.
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Table S74. Energy balances for Example 5.

No. Stream Energy balances
1 Rp1+ Qpc11 = ngl
2 Rp,+ Qpci2 —Rp1 = Qz{"{,z
3 Rrs+ Qrciz — Rra = QF3
F
4 Rpa+ Qpcia — Rpsz = Q11~"1,4
5 Rps + Qrc1s — Rpa = Qz{j,s
6 Qrc16 — Rps = Q)Iri,a
7 Ru1z + Quiciz = Qhirz
Ry13 + Quic1,3 — Ruiz
8
= Qg1,3
H1
Ry14 + Quic1a — Ruis
9
= Q1§1,4
Ryis + Quicis — Ruia
10
= Qg1,5
11 QH1C16_RH15=Q11:1116
12 H2 Ruz3 + Quzc1z = Qhizz
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Ryz4 + Quzc1,4 — Ru23

13
= 052,4
Ryzs + Quzc1,5 — Ruza
14
= ng,s
15 Quz,c1,6 — Ruzs = ng,a
16 Rysa+ Quscia = Q53,4
H3
Ryzs + Qusc1s — Ruza
17
= Q5
18 Qusci6 — Ruzs = Qgs,a
19 Ryss + Quacis = Q1514,5
H4
20 Quacie — Ruas = QII:II4,6
21 H5 Ryse + Quscie = Qgs,s
22 Qrci1 = Qg1,1
Cl
23 Qrci2 + Quiciz = Qcc‘l,z
Qr.c13 + Quic13 + Quzc13
24

— NC
- QCl,3
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25

26

27

Qrc14 T Quicisa + Quacis

+ Qusc1a

N
= Q¢14

Qr.c15 + Quicis T Quzc1s
+ Qusc1s

+ Quacis

— NnC
- QC1,5

Qr.c16 + Quicie T Cu2c16
+ Qusc16
+ Quacie

+ Quscie

—NnC
- QCl,6

28

Qf1+ QF, + Q3 + QF,
+ Qs + Q6

= 10956.8
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Table S75. Variables to solve the energy balances for Example 5.

No. Variable
1 RF, 14
2 QF,C1,1¢
3 QF,1"H¢
4 RF,2¢
5 QF,C1,2¢
6 QF,2"H*
7 RF,3¢
8 QF,C1,3¢
9 QF,3"H*
10 RF, 44
11 QF,Cl1,4¢
12 QF,4"H*
13 RF,5¢
14 QF,C1,5¢
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15 QF,5"H¢
16 QF.C1,64
17 QF,6"H*
18 RHI,2
19 QH1,C1,2?
20 RHI,3
21 QH1,C1,3?
22 RHI 4"
23 QHI1,C1,4?
24 RH1,5°
25 QHI,C1,5
26 QHI1,C1,6
27 RH2,3¢
28 QH2,C1,3¢
29 RH2,4¢
30 QH2,C1 4
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31 RH2,5¢
32 QH2,C1,5¢
33 QH2,C1,6¢
34 RH3,4¢
35 QH3,C1,4¢
36 RH3,5¢
37 QH3,C1,5¢
38 QH3,5"H
39 QH3,C1,6¢
40 QH3,6"H
41 RH4,5¢
42 QH4,C1,5¢
43 QH4,C1,6¢
44 RHS5,6/
45 QH5,C1,6/
46 y(S-C1)8
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47 y(HI-C1)¢
48 y(H2-C1)2
49 y(H3-C1)2
50 y(H4-C1)¢
51 y(H5-Cl)

Continuous variables related to “F utility stream, “H1, °H2, YH3, °H4, and /H5 hot streams.
¢Discrete variables regarding possible heat exchange between the streams involved in the
HEN. The objective function is the minimization of the sum of the discrete variables
mentioned above.

196



Table S76. Constant parameters to solve energy balances for Example 5.

No. Parameter Value (kW)

1 QHI1,2"H 946

2 QH1,3"H 2236
3 QH1,4"H 3698
4 QHI1,5"H 2064
5 QH1,6"H 9546
6 QH2,3"H 556.4
7 QH2,4"H 920.2
8 QH2,5"H 513.6
9 QH2,6"H 1840.4
10 QH3,4"H 4248.1
11 QH4,5"H 564
12 QH4,6"H 2608.5
13 QHS,6"H 3623.2
14 QCLI"C 8634
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15 QC1,2”C 1582.9
16 QC1,3”C 3741.4
17 QC1,47C 6187.7
18 QCI1,5"C 3453.6
19 QC1,6"C 20721.6
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Table S77. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 5.

No. Heat exchanger Restriction
1 U(S-C1)=min(10956.8;44321.2) 10956.8
2 U(HI-C1)=min(18490;35687.2) 18490
3 U(H2-C1)=min(3830.6;34104.3) 3830.6
4 U(H3-C1)=min(4248.1;30362.9) 4248.1
5 U(H4-C1)=min(3172.5;24175.2) 31725
6 U(HS5-C1)=min(3623.2;20721.6) 3623.2
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Table S78. Restrictions describing heat exchangers between utilities and streams from
Example 5.

Heat
No. Restriction
exchanger
Qsc11+ Qsc12 + Qsc13 + Qscia + Cscis + Oscie
1 S-C1
—¥sc1Usc1 <0
Quiciz T Quiciz + Quicia + Quicis + Quicie
2 H1-C1 = Yu1,c1Un1,00 <0
3 H2-Cl1 Quzc13 + Quzc1a + Quzc1s + Quzcie — Yuzc1Unzc1 <0
4 H3-Cl1 Qusc14 T Quscis + Quscie — Yuzc1Unzc1 <0
5 H4-Cl1 Quacis T Quacie — Yuac1Unac1 <0
6 H5-C1 Qus,c1,6 — YusciUns,c1 <0
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Table S79. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 5.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)
QF.C1,1 8634
QF,C1,2 636.9
Heater F-C1 QF,C1,3 972.89
QF,C1,4 635.85
QF,C1,6 77.16
QHI,C1,2 946
QH1,C1,3 2236
1 H1-Cl
QHI,C1,4 3149.5
QHI1,C1,5 2612.51
QH1,C1,6 9546
QH2,C1,3 532.51
2 H2-Cl QH2,C1,4 944.09
QH2,C1,6 2354
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QH3,C1,4 1458.27
H3-C1
QH3,C1,5 500.69
QH3,C1,6 2289.15
QH4,C1,5 340.41
H4-C1
QH4,C1,6 2832.09
H5-C1 QHS5,C1,6 3623.2
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Table S80. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 5 employed to devise the HEN.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)
QF.Cl,1 8634
QF.C1,2 636.9
Heater-1 F-C1
QF,C1,3 972.89
QF,C1,4 635.85
Heater-2 F-C1 QF,C1,6 77.16
QHI1,C1,2 946
1
HI1-Cl QHI1,C1,3 2236
QHI1,Cl1,4 31495
QH2,C1,3 532.51
2 H2-Cl
QH2,C14 944.09
3 H3-Cl1 QH3,Cl14 1458.27
4 HI1-Cl QH1,C1,5 2612.51
5 H3-Cl1 QH3,C1,5 500.69
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6 H4-C1 QH4,C1,5 340.41
7 HI-Cl QHI,C1,6 9546
8 H2-C1 QH2,C1,6 2354
9 H3-C1 QH3,C1,6 2289.15
10 H4-C1 QH4,C1,6 2832.09
11 H5-C1 QH5,C1,6 3623.2
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Figure S23. HEN with F for Example 5.
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Table S81. Costs for HEN without multiple utilities for Example 5.

Unit name ATim (°C) A (m?) Cr ($)
1 16.53 862.58 18095.21
2 12.79 260.01 12747.17
3 23.35 140.65 11890.03
4 12.93 455.18 14492.11
5 55.06 10.24 17830.03
6 14.23 17.96 16197.71
7 22.5 238.86 12569.43
8 49.04 21.62 15222.18
9 123.72 6.95 17830.03
10 29.71 30.67 13793.03
11 44.09 23.14 14906.24

Heater-1 476.8 51.39 17830.03
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Heater-2

606.35

0.29

17830.03

Total

201233.22
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Example 5 with multiple utilities

208



400 1

y =0.007x + 283.8582

350
300
%) 250
— 200
150

100

50 1 1 1 1 1 J
0 2000 4000 6000 8000 10000 12000

Enthalpy (kW)

Figure S24. Grand Composite Curve for Example 5. Equation “y=0.007x+283.8582”
corresponds to the line between 360 °C and 300 °C.
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Table S82. Energy balances for Example 5 with multiple utilities.

No. Stream Energy balance
1 F Re1+ Qrci1 = QF4
2 Rs; + Qsc12 = Q.
3 Rs3+ Qsc13 — Rso = Q&3
4 Rs4 + Qsc14 — Rs3 = Q¥4
S
5 Rgs + Qsc15 — Rsa = Qgs
6 Rge + Qsc16 — Rss = Qg,s
_ nH
7 Qsc1,7 — Rse = Qs,7
8 Ry13 + Quiciz = Qa3
9 Ry14 + Quicia — Ruiz = Qff1a
Hl1
10 Ry1s + Quicis — Ry1a = Qg1,5
11 Ryi6 + Quicie — Ruyis = le,e
12 Quic1,7 — Ruie = Qg1,7
13 H2 Ryza+ Quzcia = ngA
14 Ryzs + Quzc1,s — Ruza = ng,s
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15 Ryze + Quzc16 — Ruzs = Qff26
_ H
16 Quzc1,7 — Ruze6 = Qnz,7
17 Ryszs + Quscis = Qgs,s
H3
18 Ruze + Quacie — Ruzs = Qfize
19 Qusc17 — Ruze = Qgsi
20 H4 Ryse + Quacre = Qhias
21 Quac17 — Ryae = Q1154,7
H5
22 Rysz + Qusci7 = Qfis7
_ nC
23 Qrc11 = Qc1,1
_ C
24 Qsc12 = Qc1,2
25 C1 Qsc13 + Qnici3 = Qg1,3
26 Qsc14 + Quicia + Quzcra = Qg1,4
27 Qsc1s + Quicis + Quacis + Quzcis = Qérs
28 Qsc16 t Quicie + Quzcre T Quscie + Quacie = le,6

212




29

Qsc1,7 + Quic1,7 + Quze17 + Quzcr7 + Quaciz + Qusc1y

— NC
- QC1,7

30

Q> + Q85 + Q¥, + QY5 + Q¥ + Qff, = 5524.58
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Table S83. Variables to solve the energy balances for Example 5 with multiple utilities.

No. Variables
1 RF,1¢
2 QF,C1,1¢
3 RS,2°
4 QS,C1,2°
5 QS,2"H?
6 RS,3?
7 QS,C1,3°
8 QS,3"H?
9 RS,4?
10 QS,C1,4°
11 QS,4"H?
12 RS,5°
13 QS,C1,5?
14 QS,5"H?
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15 RS,6"

16 QS,C1,6°
17 QS,6"H?
18 Qs,C1,7°
19 QS,7°H?
20 RH1,3¢
21 QH1,C1,3¢
22 RH1,4¢
23 QHI1,C1,4¢
24 RHI1,5¢
25 QH1,C1,5¢
26 RHI,6¢
27 QH1,C1,6°
28 QH1,C1,7¢
29 RH2,47
30 QH2,C1,49
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31 RH2,5
32 QH2,C1,5
33 RH2,6¢
34 QH2,C1,6
35 QH2,C1,7
36 RH3,5¢
37 QH3,C1,5¢
38 RH3,6°
39 QH3,C1,6¢
40 QH3,6"He
41 QH3,C1,7¢
42 QH3,7/H¢
43 RH4,6/
44 QH4,C1,6/
45 QH4,C1,7
46 RHS,7¢
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47 QHS5,C1,7¢
48 y(F-C1Y"

49 y(S-C1Y"

50 y(H1-C1)"
51 y(H2-C1)*
52 y(H3-C1)*
53 y(H4-C1)"
54 y(H5-C1)"

Continuous variables related to “F and *S utility streams, ‘H1, and “H2, °H3,/H4, and ¢H5 hot
streams. "Discrete variables regarding possible heat exchange between the streams involved
in the HEN. The objective function is the minimization of the sum of the discrete variables
mentioned above.
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Table S84. Constant parameters to solve energy balances for Example 5 with multiple
utilities.

No. Parameter Value (kW
1 QS,1"H 5432.23
2 QH1,3"H 946
3 QH1,4"H 2236
4 QH1,5"H 3698
5 QH1,6"H 2064
6 QHI1,7"H 9546
7 QH2,4"H 556.4
8 QH2,5"H 920.2
9 QH2,6"H 513.6
10 QH2,7"H 1840.4
11 QH3,5"H 4248.1
12 QH4,6"H 564
13 QH4,7"H 2608.5
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14 QHS,7"H 3623.2
15 QC1,1"C 5432.23
16 QC1,2°C 3201.78
17 QC1,3°C 1582.9
18 QC1,4"C 3741.4
19 QC1,5"C 6187.7
20 QC1,6"C 3453.6
21 QC1,7°C 20721.6
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Table S85. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 5 with multiple utilities.

No. Parameter Value (kW)
1 U(F-C1)=min(5432.23; 5432.23) 5432.23
2 U(S-C1)=min(5524.58; 38888.98) 5524.58
3 U(H1-C1)=min(18490; 35687.2) 18490
4 U(H2-C1)=min(3830.6; 34104.3) 3830.6
5 U(H3-C1) =min(4248.1; 30362.9) 4248.1
6 U(H4-C1) =min(3172.5; 24175.2) 3172.5
7 U(HS5-C1)=min(3623.2; 20721.6) 3623.2
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Table S86. Restrictions describing heat exchangers between utilities and streams from
Example 5 with multiple utilities.

No. Heat exchanger Restriction

1 F-C1 Qrc11 — Yrc1Urc1 =0

Qsc12 + 0sc13 + Qsc1a

+ Qsc15 + Oscie
2 S-C1
+ Qsc1,7

—¥sc1Usc1 <0

Quic13 + Quicia + Quicis
+ Quicie
3 H1-C1 + Quici7

— Yu1,c1Un1,c1

<0

Quzc14 T Quzc1s T Quzcie

+ Quzc1,7
4 H2-C1
— Yuz,c1Unz,c1

<0

Qusc1s T Quscie T Qusciy

5 H3-C1 — Yus,c1Unsc1

<0
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H4-C1

QH4—,C1,6 + QH4—,C1,7 — VH4,c1 UH4,Cl

<0

H5-C1

Qus,c1,7 — Yus,c1Uns,c1 <0

222




Table S87. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 5 with multiple utilities.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)
Heater F-Cl1 QF,C1,1 5432.23
QS,C1,2 3201.78
QS,C1,3 636.95
1 S-C1
QS,Cl1,4 948.95
QS,C1,7 736.9
QH1,C1,3 945.95
QH1,C1,4 2236.05
HI1-C1
2 QHI1,C1,5 2829.27
QHI1,C1,6 2932.68
QH1,C1,7 9546.05
QH2,C1,4 556.4
3
H2-C1 QH2,C1,5 822.47
QH2,C1,7 2451.74
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QH3,C1,5 2535.97
H3-C1
QH3,C1,6 79.95
QH3,C1,7 1632.18
QH4,C1,6 440.97
H4-C1
QH4,C1,7 2731.54
H5-C1 QH5,C1,7 3623.2
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Table S88. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 5 with multiple utilities employed to devise
the HEN.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)

Heater F-C1 QF.Cl1,1 5432.23
QS,C1,2 3201.78

1 S-C1 QS,C1,3 636.95
QS,Cl1,4 948.95

QH1,C1,3 945.95

2 H1-Cl

QHI,C1,4 2236.05

3 H2-Cl QH2,C1,4 556.4
4 H1-Cl QHI1,C1,5 2829.27

5 H2-Cl QH2,C1,5 822.47
6 H3-Cl1 QH3,C1,5 2535.97
7 H1-Cl QHIL,CL,6 2932.68

8 H3-Cl QH3,C1,6 79.95

9 H4-Cl QH4,C1,6 440.97

225



10 QS,C1,7 736.9

11 HI1-C1 QHIL,C1,7 9546.05
12 H2-C1 QH2,C1,7 2451.74
13 H3-C1 QH3,C1,7 1632.18
14 H4-C1 QH4,C1,7 2731.54
15 H5-C1 QH5,C1,7 3623.2
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Figure S26. HEN with multiple utilities for Example 5.
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Table S89. Costs for HEN with multiple utilities for Example 5.

Unit name ATLm (°C) A (m?) Cr(9)
1 22.59 477.37 14692.86
2 14.77 485.32 14764.7
3 10.43 120.13 11820.54
4 14.46 440.58 14359.94
5 12.14 76.29 23891.09
6 21.31 89.35 35541.35
7 14.46 114.17 472423
8 50.13 0.72 89150.14
9 12.43 13.31 106980.17
10 199.6 1.19 124810.2
11 22.5 119.43 94552.71
12 51.89 11.82 160470.26
13 148.22 2.48 178300.28
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14 26.72 20.93 169195.43
15 44.09 185.1 12153.43
Heater 458.49 26.69 17830.03
Total 1115755.43
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Example 6 without multiple utilities
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Table S90. Source and target temperatures, C value, and the multiple utilities for Example

6.
Source Temperature | Target Temperature C
Stream Reference
T5(°C) T'(°C) (kW °C™h
H1 500 50 5
H2 400 100 4
H3 400 100 3 (Seider, Seader, Lewin, &
H4 200 50 ) Widagdo, 2009)
C1 250 450 10
C2 30 430 6
F 800 800 (Chang et al., 2017)
(Seider, Seader, Lewin, &
S 332.25 332.25
Widagdo, 2009)
(Seider, Seader, Lewin, &
BFW 110 110
Widagdo, 2009)
W 15 (Chang et al., 2017)
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Table S91. Adjusted temperatures using the Temperature Interval method for Example 6 with
ATmin=10 °C.

Adjusted temperatures
Stream T5(°C) T'(°C) C (kW °C™)
T5(°C) T'(°C)

H1 500 50 5 490 40
H2 400 100 4 390 90
H3 400 100 3 390 90
H4 200 50 2 190 40
C1 250 450 10 250 450
C2 30 430 6 30 430
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Table S92. MER targets and the pinch value using the Temperature interval method for
Example 6.

Cascaded enthalpy with
>.Cu-y Cc Enthalpy Cascaded
Intervals the heat value for the
oty | (KW)
(kW °CH) enthalpy (kW)
Fuel (kW)
900
490 450 5 200 200 1100
450 430 -5 -100 100 1000
430 390 -11 -440 -340 560
390 250° -4 -560 -900 0
250 190 6 360 -540 360
190 90 8 800 260 1160
90 40 1 50 310 1210
40 30 -6 -60 250 1150¢

“Fuel value
bPinch temperature for cold streams
“Water value
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Figure S27. Temperature intervals for Example 6.
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Table S93. Energy balances for Example 6.

No. Stream Energy balances
1 Rpy = QII«:I,1
2 F Rez+ Qrciz + Qrczz — Rr1 = QF,
3 Qrc13 + Qrc23 — Rpz = QF5
4 Ruiz2 + Quiciz + Quiczz = Qhie
5 Quic1s + Quiczs — Ruz = Qffvs
6 H1 Ruia + Quicza = Qhira
7 Ryis + Quiczs + Quiws — Ruia = Qhias
8 Quiwe — Ruis = le,6
9 Ruzs + Quacis + Quzcaz = Qi
10 Riza + Quzc2a = Qiiza
H2
11 Ryzs + Quacas + Quaws — Ruza = Qhizs
12 Quzwe — Ruzs = ng,s
13 Ruszs + Quscis + Quaces = Qs
H3
14 Rusa + Quscza = Qhiza
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15 Ruzs + Quscas + Quaws — Rusa = Qfias
16 Qusw,e — Ruzs = Q53,6
17 Ryas + Quacos + Quaws = Q£114,5

H4
18 Quawe — Ruas = Qfiae
19 Qrc12 + Quiciz = le,z

Cl
20 Qrc13 + Quic13 + Quzc13 + Qusciz = Qg1,3
21 Qrc22 + Quicz2 = ng,z
22 Qr,c23 + Quiczs + Quzc23 + Qusczs = ng,s

C2
23 Quicz4a T Quzc24 + Quscza = ng,4

_ nC

24 Quic2s + Quzczs + Qusczs + Quaces = Ucas
25 Quiws + Quzws + Qusws + Quaws = Qﬁ/,s
26 ' Quiwe + Quzwe + Quswe + Quawe = ngv,s
27 QI{:I,l + Q{V{,z + Qg,s =900 kW
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Table S94. Variables to solve the energy balances for Example 6.

No. Variable
1 RS, 14
2 QS,1"H
3 RS,2¢4
4 QS,C1,2¢
5 QS,C2,24
6 QS,2"H*
7 QS,C1,34
8 QS,C2,34
9 QS,3"H¢
10 RH1,2?
11 QH1,C1,2?
12 QH1,C2,2°
13 QH1,C1,3?
14 QH1,C2,3?
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15 RH1,4%
16 QHI1,C2,4
17 RHI,5
18 QH1,C2,5"
19 QHI1,W,5"
20 QHI1,W.,6°
21 QH1,6"H?
22 RH2,3¢
23 QH2,C1,3¢
24 QH2,C2,3¢
25 RH2.4¢
26 QH2,C2,4¢
27 RH2,5¢
28 QH2,C2,5¢
29 QH2,W,5¢
30 QH2,W,6¢
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31 QH2,6"H¢
32 RH3,3¢

33 QH3,C1,3¢
34 QH3,C2,39
35 RH3 .49

36 QH3,C2,49
37 RH3,5¢

38 QH3,C2,5¢
39 QH3,W,5¢
40 QH3, W, 64
41 QH3,6"H?
42 RH4,5¢

43 QH4,C2,5¢
44 QH4,W,5¢
45 QH4,W,6¢
46 QH4,6"H*
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47 y(S-C1)/
48 y(S-C2)
49 y(H1-C1)
50 y(H1-C2) above pinch’
51 y(H1-C2) below pinch/
52 y(H1-W)
53 y(H2-C1)
54 y(H2-C2) above pinch/
55 y(H2-C2) below pinch’
56 y(H2-WY
57 y(H3-C1Y
58 y(H3-C2) above pinch/
59 y(H3-C2) below_pinch’
60 y(H3-WY
61 y(H4-C2)'
62 y(H4-WY
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Continuous variables related to “F utility stream, “H1, “H2, “H3 and °H4 hot streams./Discrete
variables regarding possible heat exchange between the streams involved in the HEN. The
objective function is the minimization of the sum of the discrete variables mentioned above.
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Table S95. Constant parameters to solve energy balances for Example 6.

No. Parameter Value (kW)
1 QHI1,2"H 500
2 QH1,3"H 700
3 QH1,4"H 300
4 QH1,5"H 750
5 QH2,3"H 560
6 QH2,4"H 240
7 QH2,5"H 400
8 QH3,3"H 420
9 QH3,4"H 180
10 QH3,5"H 300
11 QH4,5"H 300
12 QC1,2"C 600
13 QC1,3~C 1400
14 QC2,27C 240
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15 QC2,3~C 840
16 QC247C 360
17 QC2,5"C 960
18 QW,5°C 1050.86
19 QW,67C 99.14
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Table S96. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 6.

No. Parameter Value (kW)
1 U(S-C1)=min (900; 2000) 900
2 U(S-C2) =min(900; 1080) 900
3 U(H1-C1) =min(1200; 2000) 1200
4 U(H1-C2) above pinch=min(1200; 1080) 1080
5 U(H1-C2) below_ pinch=min(1050; 1320) 1050
6 UH1-W) =min(1050; 1150) 1050
7 U(H2-C1) =min(560; 1400) 560
8 U(H2-C2) above pinch=min(560; 840) 560
9 U(H2-C2) below pinch=min(640; 1320) 640
10 U(H2-W) =min(640; 1150) 640
11 U(H3-C1) =min(420; 1400) 420
12 U(H3-C2) above pinch=min(420; 840) 420
13 U(H3-C2) below pinch=min(480; 1320) 480
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14 U(H3-W) =min(480; 1150) 480
15 U(H4-C2) =min(300; 960) 300
16 U(H4-W) =min(300; 1150) 300
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Table S97. Restrictions describing heat exchangers between utilities and streams from
Example 6.

No. Heat exchanger Restriction
1 S-Cl1 Qsci12 + Osc1,3 — Ysc1Usc1 <0
2 S-C2 Qsc22 T Osc23 — Ysc2Usc2 <0
3 HI1-Cl Quic1z T Quic1s — Yur,c1Unic1 <0
Quic22 + Quic2s
4 (H1-C2) above pinch
o (yHl'Cz)above_pinch(UHl'CZ)above_pinch =0
Qui,c24 T Qniczs
5 (H1-C2) below pinch
- (yHl'Cz)below_pinch(UHl'Cz)below_pinch =0
6 H1-W Quiw,s + Quiwe — YurwUmw <0
7 H2-C1 Quz,c13 — Yuz,c1Unzc1 <0
Quz,c23
8 (H2-C2) above pinch
- (yHZ'CZ)above_pinch(UHZ'CZ)above_pinch =0
Quz,c2,4 + Qn2c25
9 (H2-C2) below pinch
- (yHZ'CZ)below_pinch(UHZ'CZ)below_pinch =0
10 H2-W Quaw,s + Quzw,e — YuowUnow < 0
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11 H3-C1 Qus,c1,3 — Yuz,c1Unzc1 <0
Qu3,c2,3
12 (H3-C2)_above pinch
- (yH3,C2)aboye_pinch(UH3'C2)above_pinch -
Qus,c24 + Qus s
13 (H3-C2) _below_pinch
- (yH3'CZ)below_pinch(UH3'C2)belOWJOinCh =0
14 H3-W Qusw,s + Qusw,e — YuswUnsw <0
15 H4-C2 Quac2,5 = YHac2Unaco <0
16 H4-W Quaw,s + Quawe — YuawUnaw <0
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Table S98. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 6.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)

Heater-1 S-C1 QS,Cl1,2 100
QS,C2,2 240

Heater-2 S-C2
QS,C2,3 560
QH1,C1,2 500

1 H1-C1
QHI1,C1,3 700
2 H1-C2 QH1,C24 300
3 H2-Cl QH2,C1,3 560
QH2,C24 60

4 H2-C2
QH2,C2,5 580
5 H3-Cl1 QH3,C1,3 140
6 H3-C2 QH3,C2,3 280
7 H3-C2 QH3,C2,5 380
Cooler-1 HI1-W QH1,W,5 750
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Cooler-2 H3-W QH3,W.5 100
QH4,W.,5 200.86
Cooler-3 H4-W
QH4,W.6 99.14
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Table S99. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 6 employed to devise the HEN.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)
Heater-1 S-C1 QS,C1,2 100
QS,C2,2 240
Heater-2 S-C2

QS,C2,3 560
1 H1-C1 QHI,C1,2 500
2 H1-C1 QH1,C1,3 700
3 H2-C1 QH2,C1,3 560
4 H3-Cl QH3,C1.,3 140
5 H3-C2 QH3,C2,3 280
6 HI1-C2 QH1,C2,4 300
QH2,C2,4 60

7 H2-C2
QH2,C2,5 580
8 H3-C2 QH3,C2,5 380
Cooler-1 HI1-W QHI,W,5 750
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Cooler-2 H3-W QH3,W.5 100
QH4,W.,5 200.86
Cooler-3 H4-W
QH4,W.6 99.14
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Figure S28. HEN with F and W for Example 6.
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Table S100. Costs for HEN without multiple utilities for Example 6.

Unit name ATim (°C) A (m?) Cr (%)

1 27.59 40.82 12954.25

2 10 157.66 11977.14

3 10 126.13 11835.76

4 38.83 8.12 17830.03

5 26.63 11.84 17830.03

6 53.49 4.21 17830.03

7 30.37 11.87 17830.03

8 30.37 5.64 17830.03
Cooler-1 20.69 13.61 17830.03
Cooler-2 77.79 0.41 17830.03
Cooler-3 20.69 4.08 17830.03
Heater-1 354.98 0.07 17830.03
Heater-2 433.25 0.42 17830.03
Total 197237.41
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Example 6 with multiple utilities
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Figure S29. Grand Composite Curve for Example 6. Equation “y=0.25x+250" correspond to
the 400 °C and 250 °C line. Moreover, the equation “y=-0.125x+235" describes the line
between 190 °C and 90 °C.
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Figure S30. Temperature intervals for Example 6 with multiple utilities.
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Table S101. Energy balances for Example 6 with multiple utilities.
No. Stream Energy balances
1 RF,l = QF‘,l
2 F Rez + Qrci2 + Qrczz — Req = QF,
3 Qrc13 + Qrcasz — Rra = QF 3
4 Ry12 + Quiciz + Quiczz = Qfivz
5 Quic13 + Quiczs — Ryiz = Qff1s
6 Ry14 + Quicia + Quicza = Qfi1a
7 Hl Ryis + Quices + Quisrws = Qg1,5
8 Quicze + Quisrws — Ruis = Qfive
9 Ry17 + Quiczy + Quiwys = Qff17
10 Q —R = QH
H1,W,8 H1,7 H18
11 H
Ryz3 + Quac1z + Quzcz2s = Qnzs
12 RH2,4 + QHz,c1,4 + QHZ,CZ,4 = Q11-112,4
H2
13 Ryzs + Quacas + Quzprws = ng,s
14 Quzcz6 + Quzprw.s — Ruzs = Qffze
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15 Ruz7 + Quaw,s + Quz.c2y = Qhizy
16 Quzws — Ruz7 = ng,s
17 Ruzz + Quzc13 + Qusczz = Qhizs
18 Rysa + Quzcia + Quacza = Qfiza
19 Ruzs + Qusczs + Quaprws = Qhias
H3
20 Quscz6 + Quasrw,s — Russ = Qhize
21 Ryzz + Quaw,y + Qusc27 = Qffa7
22 Quawg — Ruz7 = QII-IIS,S
23 HPS Rypsa + Qupscia + Qupscza = Qlipsa
24 Ry + Quacze + Quaprwes = Qhiag
25 H4 Ryaz + Quaw, + Quaczy = Qhiaz
26 Quaws — Rua7 = Qg4-,8
27 Qrciz2 + Quiciz = Qb
28 Cl Qrc13 + Quicis + Quacis + Quscrz = Q613
29 Qupscia + Quicia + Quzcra + Quscra = Qé1a
30 C2 Qrcaz + Quicaz = Qézz
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31 Qrca3z + Quiczs + Quzczs + Quaczs = Qfas

32 Qupsc24 t Quic2a + Quzcza + Quzcza = ng,4

33 Quiczs T Quzc25 + Qusczs = ng,s

34 Quicze T Quzc26 T Quscze + Qnacze = ng,e

35 Quicz7 + Quzcz7 + Quaczy + Quacayr = Qa7

36 Qui,rw,s + Quzerw,s + Qusprw,s = QgFW,S
BFW

37 Quierw.s + Quzsrw.s + Quaprwe + Quasrwes = Qbrwe

38 Quiw7 + Quzw,7 + Qusw,7 + Quawz = chv,7

w

39 Quiws + Quzws + Qusws + Quaws = chv,s

40 Q51+Q52+Qﬁ,3 =820 kW

41 QgFW,S + Qfrw,e = 1000 kW
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Table S102. Variables to solve the energy balances for Example 6 with multiple utilities.

No. Variable
1 RF,1¢
2 QF,1"H°
3 RF,2¢
4 QF,C1,24
5 QF,C2,2¢
6 QF,2"H“
7 QF,C1,34
8 QF,C2,34
9 QF,3"H
10 RH1,2°
11 QH1,C1,2°
12 QH1,C2,2?
13 QH1,C1,3?
14 QH1,C2,3?
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15 RH1,4°

16 QHI1,C1,4
17 QH1,C2,4
18 RH1,5

19 QH1,C2,5"
20 QH1,C2,6
21 QHI1,BFW,5?
22 QHI1,BFW,6”
23 RH1,7
24 QH1,C2,7
25 QHI1,W,7"
26 QHI1,W,8"
27 QH1,8"H"
28 RH2,3¢
29 QH2,C1,3¢
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30 QH2,C2,3¢
31 RH2,4¢
32 QH2,C1,4¢
33 QH2,C2,4¢
34 RH2,5¢

35 QH2,C2,5¢
36 QH2,C2,6°
37 QH2,BFW,5¢
38 QH2,BFW,6¢
39 RH2,7¢

40 QH2,W,7¢
41 QH2,C2,7¢
42 QH2,W,8¢
43 QH2,8"H*
44 RH3,3¢
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45 QH3,C1,3¢
46 QH3,C2,3¢
47 RH3,4¢
48 QH3,C1,4¢
49 QH3,C2,4¢
50 RH3,5¢

51 QH3,C2)°
52 QH3,C2,6¢
53 QH3,BFW,5¢
54 QH3,BFW,6¢
55 RH3,7¢

56 QH3,W,7¢
57 QH3,C2,7¢
58 QH3,W,87
59 QH3,8"H¢
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60 RHPS, 4¢
61 QHPS,C1,4¢
62 QHPS,C2,4¢
63 RH4,6/
64 QH4,C2,6/
65 QH4,BFW,6/
66 RH4,7
67 QH4,W, 7
68 QH4,C2,7
69 QH4,W,8"
70 QH4,8"H/
71 QBFW,5°C/
72 QBFW,6°C/
73 y(F-C1)2
74 y(F-C2)2
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75 y(H1-C1) above HPS pinch?®
76 y(H1-C1) above process pinch?®
77 y(H1-C2) above HPS pinch?
78 y(H1-C2) above process pinch®
79 y(H1-C2) above BFW _pinch®
80 y(H1-C2) below BFW_pinch®
81 y(HI-W)#

82 y(H2-C1) above HPS pinch®
83 y(H2-C1) above process pinch®
84 y(H2-C2) above HPS pinch®
85 y(H2-C2) above process pinch®
86 y(H2-C2) above BFW _pinch®
87 y(H2-C2) below BFW_pinch®
88 y(H2-W)s

89 y(H3-C1) above HPS pinch®
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90 y(H3-C1) above process pinch?®
91 y(H3-C2) above HPS pinch®

92 y(H3-C2) above process pinch?®
93 y(H3-C2) above BFW pinch®

94 y(H3-C2) below BFW _pinch®
95 y(H3-W)e

96 y(H4-C2) above BFW _pinch®
97 y(H4-C2) below BFW_pinch¢
98 y(H4-W)s

99 y(H1-BFW) 5¢

100 y(H1-BFW) 68

101 y(H2-BFW) 58

102 y(H2-BFW) 68

103 y(H3-BFW) 58

104 y(H3-BFW) 68

266




105 y(H4-BFW)g

106 y(HPS-C1)2

107 y(HPS-C2)2

Continuous variables related to “F and °S utility streams, “H1, ‘H2, “H3 and /H4 hot streams.
gDiscrete variables regarding possible heat exchange between the streams involved in the
HEN. The objective function is the minimization of the sum of the discrete variables
mentioned above.
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Table S103. Constant parameters to solve energy balances for Example 6 with multiple
utilities.

No. Parameter Value (kW)
1 QH1,2"H 500
2 QH1,3"H 600
3 QH1,4"H 100
4 QHI1,5"H 300
5 QH1,6"H 400
6 QH1,7"H 350
7 QH2,3"H 480
8 QH2,4"H 80
9 QH2,5"H 240
10 QH2,6"H 320
11 QH2,7"H 80
12 QH3,3"H 360
13 QH3,4"H 60
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14 QH3,5"H 180
15 QH3,6’H 240
16 QH3,7°H 60

17 QHPS,4"H 80

18 QH4,6’H 160
19 QH4,7"H 140
20 QC1,2°C 600
21 QC1,3°C 1200
22 QC1,4°C 200
23 QC2,2°C 240
24 QC2,3/C 720
25 QC2,4°C 120
26 QC2,5"C 360
27 QC2,6"C 480
28 QC2,7°C 480
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29

QW,7/C

126.06

30

QW,8"C

23.94
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Table S104. Parameter describing the minimum feasible heat value exchanged between the
utilities and the streams from Example 6 with multiple utilities.

No. Parameter Value (kW)
1 U(S-C1)=min(820; 1800) 820
2 U(S-C2) =min(820; 960) 820
3 U(H1-CI) above HPS pinch=min(1100; 1800) 1100
4 U(H1-C1) above process_pinch=min(100; 200) 100
5 U(H1-C2) above HPS pinch=min(1100; 960) 960
6 U(H1-C2) above process_pinch=min(100; 120) 100
7 U(H1-C2) above BFW_pinch=min(700; 840) 700
8 U(H1-C2) below BFW_pinch=min(350; 480) 350
9 U(H1-W) =min(350; 150) 150
10 U(H2-C1) above HPS pinch=min(480; 1200) 480
11 U(H2-C1)_above process_pinch=min(80; 200) 80
12 U(H2-C2) above HPS pinch=min(480; 720) 480
13 U(H2-C2) above process_pinch=min(80; 120) 80
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14 U(H2-C2) above BFW_pinch=min(560; 840) 560
15 U(H2-C2) below BFW_pinch=min(80; 480) 80
16 U(H2-W) =min(80; 150) 80
17 U(H3-C1) above HPS pinch=min(360; 1200) 360
18 U(H3-C1) above process_pinch=min(60; 200) 60
19 U(H3-C2) above HPS pinch=min(360; 720) 360
20 U(H3-C2) above process_pinch=min(60; 120) 60
21 U(H3-C2) above BFW_pinch=min(420; 840) 420
22 U(H3-C2) below BFW_pinch=min(60; 480) 60
23 U(H3-W) =min(60; 150) 60
24 U(H4-C2) above BFW_pinch=min(160; 480) 160
25 U(H4-C2) below BFW_pinch=min(140; 480) 140
26 U(H4-W) =min(140; 150) 140
27 U(H1-BFW)_5=min(300; 1000) 300
28 U(H1-BFW)_6=min(400; 1000) 400
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29 U(H2-BFW)_5=min(240; 1000) 240
30 U(H2-BFW)_6=min(320; 1000) 320
31 U(H3-BFW)_5=min(180; 1000) 180
32 U(H3-BFW)_6=min(240; 1000) 240
33 U(H4-BFW) =min(160; 1000) 160
34 U(HPS-C1) =min(80; 200) 80
35 U(HPS-C2) =min(80; 120) 80

273




Table S105. Restrictions describing heat exchangers between utilities and streams from
Example 6 with multiple utilities.

No
Heat exchanger Restriction
1 F-C1 Qrc12 T Qrc13 — YrciUrc1t <0
) F-C2 Qrc22 + Qrc23 = Yrc2Urc2 <0
Quic1z t Quic13
(H1- _
3 (yHl'Cl)above_HPS_pinch (UHl'Cl)above_HPS_pinch
C1) _above HPS pinch
<0
(H 1- QHl,C1,4
4 Cl)_above_process_pinc - (yHl'Cl)above_process_pinch(UHl’Cl)above_process_pinch

h <0

Quic22 + Quiczs

(HI- _
5 (YHl,CZ ) above_HPS_pinch (UHl'Cz ) above_HPS_pinch
C2) above HPS pinch
<0
Q
(H 1- H1,C2,4
6 C2)_above_process_pinc - (yHLCZ)above_process_pinch (UHl'CZ)above_process_pinch

h <0

Qu1c2s T Qnic2e6
(H1- _
7 (yHl'CZ ) above_BFW _pinch (UHLCZ ) above_BFW _pinch

C2) above BFW_pinch
<0
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QHl,C2,7

(HI- _
8 (yHl'CZ ) below_BFW _pinch (UHLCZ ) below_BFW _pinch
C2) below BFW pinch
<0
9 H1-W QHl,W,7 + QHl,W,B - yHl,WUHl,W < 0
QH2,61,3
(H2-
10 - (yHZ,Cl) above_HPS _pinch (UHZ,Cl)above_HPS_pinch
C1) above HPS pinch
)_above_ P <0
(H2- Qnz,c14
11 Cl) above_process_pinc - (yHZ,Cl)above_process_pinch(UHZ,Cl)above_process_pinch
h <0
QHZ,CZ,S
(H2- _
12 (YHZ,CZ ) above_HPS_pinch (UHZ'CZ ) above_HPS_pinch
C2) above HPS pinch
<0
(H2 QHZ,CZA-
13 C2)_above_process_pinc - (YHZ,CZ ) above_process_pinch (UHZ'CZ ) above_process_pinch
h <0
Quz,c25 T Q2,026
(H2- _
14 (sz,CZ ) above_BFW _pinch (UHZ'CZ ) above_BFW _pinch

C2) above BFW_pinch

<0
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QHZ,C2,7

(H2- _
15 (y H Z'Cz)below_BFW_pinch (UH 2, z)belaw_BFW_pinch
C2) below BFW pinch
<0
16 H2-W Quzw,7 + Quaws — YazwUnow = 0
QH3,C1,3
(H3- _
17 (y H3,C 1)above_HPS_pinch (UH 3.C 1)above_HPS_pinch
C1) above HPS pinch
<0
(H3 QH3,C1,4
18 | C1) above process pinc - (YH3,C1 ) above_process_pinch (UH3'C1 ) above_process_pinch
h <0
QH3,C2,3
(H3- _
19 (y H3.C z)above_HPS_pinch (UH 3.C z)above_HPS_pinch
C2) above HPS pinch
<0
(H3 QH3,C2,4
20 | C2) above process_pinc B (YHS,CZ ) above_process_pinch (UH3’CZ ) above_process_pinch
h <0
Quz,c2,5 + Quscze
(H3- _
21 (y H 3'C2)ab0ve_BFW_pinch (UH 3.C Z)above_BFW_pinch

C2) above BFW_pinch

<0
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QHS,C2,7

(H3- ~
22 (y H 3'C2)below_BFW_pinch(UH 3'C2)belaw_BFW_pinch
C2) below BFW pinch
<0
23 H3-W Qus w7 t Qusws — YuzswUnsw = 0
Quac26
(H4- _
24 (y H 4"C2)ab0ve_BFW_pinch (UH 4C Z)above_BFW_pinch
C2) above BFW_pinch
<0
Quac2,7
(H4- _
25 (yH4'C2)below_BFW_pinch(UH4'C2)below_BFW_pinch
C2) below BFW _pinch
<0
26 H4-W Quaw;7 t Quaws — YuawUnaw = 0
27 (HI-BFW)_5 QuiBrw,s — (yHl,BFW)S(UHl,BFW)S <0
28 (H1-BFW) 6 Qu1Brw,6 — (J’H1,BFW)6(UH1,BFW)6 <0
29 (H2-BFW)_5 Quz2Brw,;s — (yHZ,BFW)S(UHZ,BFW)S <0
30 (H2-BFW) 6 Quz,rw,6 — (yHZ,BFW)G(UHZ,BFW)6 <0
31 (H3-BFW)_5 Qusprw,s — (yHB,BFW)S(UH3,BFW)5 <0
32 (H3-BFW) 6 Qu3prw,e ~ (yHS,BFW)G(UH3,BFW)6 <0
33 H4-BFW Qnaprw,6 — YnaprwUnaprw < 0
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34

HPS-C1

QHPS,Cl,4 - yHPS,C1UHPS,Cl <0

35

HPS-C2

QHPS,C2,4- - yHPS,CZUHPS,CZ <0
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Table S106. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 6 with multiple utilities.

No. Unit name | Heat exchanging streams | Heat exchange Interval | Value (kW)
1 Heater-1 F-C1 QF.C1,2 340
2 QF,C2,2 240

Heater-2 F-C2
3 QF,C2,3 240
4 QH1,C1,2 260
1 H1-Cl
5 QHI1,C1,3 840
6 2 H1-C1 QHI1,Cl1,4 100
7 3 H1-C2 QH1,C2,7 340
8 4 H2-C2 QH2,C2,3 480
9 5 H2-C2 QH2,C24 80
10 QH2,C2,5 200
6 H2-C2
11 QH2,C2,6 360
12 7 H3-Cl QH3,C1,3 360
13 8 H3-Cl1 QH3,C1,4 60
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14 QH3,C2,5 160
9 H3-C2

15 QH3,C2,6 120

16 10 H4-C2 QH4,C2,7 140

17 11 H1-BFW QHI1,BFW,5 300

18 12 H1-BFW QHI1,BFW,6 400

19 13 H3-BFW QH3,BFW,6 140

20 14 H4-BFW QH4,BFW,6 160

21 15 HPS-C1 QHPS,C1.,4 40

22 16 HPS-C2 QHPS,C2,4 40

23 QHI1,W.,7 5
Cooler-1 H1-W

24 QHI,W,8 5

25 QH2,W.7 61.06
Cooler-2 H2-W

26 QH2,W.8 18.94

27 QH3,W.,7 60
Cooler-3 H3-W

28 QH3,W.,8 0
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Table S107. Unit name, heat exchanging streams, interval, and the value found using the
Solver tool from Microsoft Excel® for Example 6 with multiple utilities employed to devise
the HEN.

Unit name Heat exchanging streams Heat exchange Interval Value (kW)
Heater-1 F-C1 QF,C1,2 340
QF,C2,2 240
Heater-2 F-C2
QF,C2,3 240
1 HI1-Cl QH1,C1,2 260
2 HI1-C1 QHI1,C1,3 840
3 H3-Cl1 QH3,C1.,3 360
4 H2-C2 QH2,C2,3 480
5 HPS-C1 QHPS,C1,4 40
6 HPS-C2 QHPS,C2,4 40
7 H1-C1 QHI1,C1,4 100
8 H2-C2 QH2,C2.4 80
9 H3-C1 QH3,C1,4 60
10 H2-C2 QH2,C2,5 200
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QH2,C2,6 360
QH3,C2,5 160
11 H3-C2
QH3,C2,6 120
QHI1,BFW,5 300
12 HI1-BFW
QHI1,BFW,6 400
13 H3-BFW QH3,BFW,6 140
14 H4-BFW QH4,BFW,6 160
15 H1-C2 QH1,C2,7 340
16 H4-C2 QH4,C2,7 140
QHI1,W.,7 5
Cooler-1 H1-W
QHI,W.,8 5
QH2,W.7 61.06
Cooler-2 H2-W
QH2,W.,8 18.94
Cooler-3 H3-W QH3,W.7 60
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Figure S31. HEN with multiple utilities for Example 6.
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Table S108. Costs for HEN with multiple utilities for Example 6.

Unit name ATim (°C) A (m?) Cr (3)
1 70.2 8.34 17830.03
2 27.02 70.03 12023.99
3 10 81.08 11900.58
4 24.66 43.84 12785.1
5 11.89 3.79 17830.03
6 13.05 2.30 17830.03
7 11.89 4.74 17830.03
8 13.05 2.76 17830.03
9 11.89 1.9 17830.03
10 10 18.02 16180.22
11 26.63 2.96 17830.03
12 49.32 3.55 17830.03
13 26.63 1.18 17830.03
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14 35.57 0.92 17830.03

15 14.42 443 17830.03

16 14.42 1.68 17830.03
Cooler-1 20.69 0.08 17830.03
Cooler-2 35.54 5.07 17830.03
Cooler-3 35.54 1.9 17830.03
Heater-1 366.74 0.7 17830.03
Heater-2 408.7 2.65 17830.03
Total 356000.36
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