Lecture 10: Synthesis of Heat Exchanger
Networks

Chapter 16 of text-book - the concepts and methods
highlighted through examples 16.1 to 16.4.

(With input from Dr. Xiaodong Liang)

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani



Heat Exchanger Network Synthesis (HENS) Problem

Given

« Aset of hot process streams that needs to be cooled and a set
of cold process streams that needs to be heated

* The flowrates and the inlet and outlet temperatures for all
these process streams

« The heat capacities for each of the streams versus their
temperatures as they pass through the heat exchange
process

« The available utilities, their temperatures, and their costs
per unit of heat provided or removed

Determine

The heat exchange network for energy recovery that will
minimize the annualized cost of the equipment plus the

annual cost of utilities
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Summary of the methods from Chapter 10

Given a minimum temperature approach (AT), the exact
amount for minimum utility consumption can be predicted
prior to developing the network structure

Based on the pinch temperatures for minimum utility
consumption, the synthesis of the network can be
decomposed into sub-networks

The fewest number of units in each sub-network is often
equal to the numbr of process and utility streams minus one

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani



Hot utilities
l Q.

a )
Splits the problem into two sub-networks:
One above the pinch (cold uti;ities cannot

be used) ...
- J
| Minimum utility dictates that
Pinch

nch - no heat is passed across the
-~ ™ pinch

... also, one below the pinch (hot utilities
cannot be used here)

\ J
Qc

v Cold utilities




Heat Exchanger Network Synthesis (HENS) Problem
Given

FCp, Tian Tt Heat
Stream kW/°C °C °C flow out, kW
Cl 7.62 60 160 =762.0
C2 6.08 1146 260 ~875.5
Hl 3.79 160 93 588.9
H2 10.35 246 138 1171.1

Determine

The heat exchange network for energy recovery that will
minimize the annualized cost of the equipment plus the
annual cost of utilities

c 60 160 N
1 260
116
Cz >
93 160
< o H; 249
<€ H2
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Heat Exchanger Network Synthesis (HENS) Problem
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Minimum hot utility
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Heat Exchanger Network Synthesis (HENS) Problem

i *"  Above pinch only C2
yiao y50 and steam exist,
therefore only one
1700 1600 exchanger needed
160.0 —Q 1871 — -T— 137.3 150.0
) —9) 267.5
1617 T
1380 cw g 20 128.0
126.0 5 - 116.0
) () 588.9
i |
93.0 83.0
70.0 - 60.0 T=239°C T=260 °C
H1 H2 c1 c2
FCp 8.79 10.55 7.62 6.08
heat flow tot 588.9 11711 762.0 875.5

FIGURE 11L15 A possible heat exchanger network {or 48P,
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Heat Exchanger Network Synth

270.0 260.0

249.0 239.0
170.0 160.0
160.0 — 18710 - 1373 150.0
) —9) 267.5
1617 —
@/ 250.1

138.0 cW 128.0
1260 ' — 116.0

i _KT) 568.9
93.0 83.0
700 — 60.0

Hi Ha c1 c2
FCp 8.79 10.55 7.62 6.08

heat flow tot 5689 11711 7620 875.5

FIGURE 11,15 A possible heat exchanger network for 4SP1,
Course: Process Design Principles & Methods, L10

esis (HENS) Problem

Exchange C2 and
H2 below pinch

T=203.5°C T=249°C

T=160°C T=239°C

, PSE for SPEED, Rafiqul Gani 8



Heat Exchanger Network Synthesis (HENS) Problem

270.0
- 127.7
ST -

249.0 d ?) 150

2035 —+
170.0 — 160.0
C)— —3 173.1
160.0 — 1871 —— —+ 1373
) —() 2675
138.0
126.0
93.0
70.0 —
Ht H2 C1 c2
FCp 8.79 10.55 7.62 6.08
heat flow tot 588.9 1171.1 762.0 875.5

FIGURE 10,15 A possible heat exchanger network for 4SP1.

260.0

239.0

160.0

150.0

128.0

116.0

83.0

60.0

T=93°C T=160°C

T=60°C  T=137°C

Use all H1 to
heat C1
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Heat Exchanger Network Synthesis (HENS) Problem

270.0
- 127.7
ST -
249.0
d) ?) 480.3
170.0
160.0 — 1871 —+ 137.3

,@/ 250.1
138.0 oW

126.0 _ -
3 fj) 588.9
93.0
70.0 -
H1 H2 i c2
FCp 8.79 10.55 7.62 6.08
heat flow tot 568.9 1171.1 762.0 875.5

FIGURE 11,15 A possible heat exchanger network for 4SP1.

260.0

239.0

160.0

150.0

128.0

116.0

83.0

60.0

Heat C1 to target
with H2

T=187.1°C T=203.5°C

T=137°C T=160°C
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Heat Exchanger Network Synthesis (HENS) Problem

270.0 260.0
- 127.7
ST -
249.0 239.0
d) 480.3

2035
170.0 T 160.0 160.0

600 T 1500 Start heating C2
with H2
138.0 1280 [=161.7 °C T=187.1°C
126.0 0 116.0
{ ) 588.9
i |
93.0 ga3.0
700 — 60.0 T=116 °C T=160 °C
Hi H2 C1 c2
FCp 8.79 10.55 7.62 6.08
heat flow tot 588.9 11711 762.0 875.5

FIGURE 10,15 A possible heat exchanger network for 4SP1.
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Heat Exchanger Network Synthesis (HENS) Problem

270.0
- 127.7
8T -

249.0 (]) ?) 1505

2035 T
170.0 — 160.0
O— —g 173.1
160.0 — 18§71 — —+— 137.3
) —9) 267.5
138.0
126.0 ] —
3 ? 568.9
93.0
70.0 -
H# H2 C1 c2
FCp 8.79 1055 7.62 6.08
heat flow tot 588.9 11714 762.0 875.5

FIGURE 10,15 A possible heat exchanger network for 4SP1.

260.0

239.0

160.0

150.0

128.0

116.0

83.0

60.0

T=138°C T=161.7 °C

Cooling water

Cool H2 finally with
cooling water
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Heat Exchanger Network Synthesis (HENS) Problem

One possible solution

H2 and C2 are
exchanged twice. Can
we improve on this?

Split H2 and use one
branch to heat all of
C2 up to pinch while
exactly reaching
target for this branch

138
03 60 Needs to be evaluated further

C2

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 13




Synthesis of heat exchanger networks: Synthesis strategies

Sequential optimization (LP, MILP)
Simultaneous optimization (MINLP) — own reading

Rules to be used in Sequential Optimization strategies
Rule 1: Minimum utility cost
Rule 2: Minimum number of units

Rule 3: Minimum investment costs

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 14



Minimum Utility Cost

Example 16.1

Determine the minimum utility consumption for the two hot and two cold streams given below:

Fep (MW/C) Tin (O) Tout (C)
H1 1 400 120
H2 2 340 120
C1 1.5 160 400
C2 1.3 160 250

Steam : 500°C
Cooling water; 20-30°C
Minimum recovery approach temperature (HRAT): 20°C

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 15



Solution steps

Step 1: Create the interval table

Step 2: Add the heat contents to the interval table

Step 3: Convert the table from step 2 to a heat
cascade diagram

Step 4: Derive energy balance equations for each
Interval on the heat cascade diagram

Step 5: Formulate and solve the LP optimization
problem to find the pinch-point and the
corresponding minimum utilities

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 16



Solution steps — Step 1

Fcp (MW/C) Tin (C) Tout (C)
H1 I 400 120
H2 2 340 120
Cl 1.5 160 400
C2 1.3 100 250
Temperature
Intervals (K) f;l
420 400 A
AT =20 int 1
H1 400 380
int 2
- H2 340 _ 320
int 3 250
180 160 A
int 4
Y ¥ 1 100
C2
Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 17



Solution steps — Step 2

Temperature Heat Contents (IMW)
Intervals (K) CI HI H2 Cl C2
420 400 A
int 1
H1 400 380 30
] int 2
H2 340 320 60 90
int 3 250
180 160 A 160 320 240 117
int 4
Y Y 100 60 120 78
c2 (280 440 360 195

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani
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Total heat to be removed or added
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Solution steps — Step 3

1): Locate the intervales @s (Steam)
2): Locate the heat l
. ' . 400
sources (H;) & sinks (C;) 420 : 30 Ct 360
3): Allocate the heat ] -
contents to & from
intervals 400 l A, 380
sg0 1 60 90
320
i Ry 240
117 Ce 195
160
78
120 100
h} Q, {Cooling Water)
Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 19



Solution steps — Step 4

For each interval, derive energy balance equation, for
example, for interval 2

400 } Hy 380
60 a0
- 2
From H,; to From
interval 2 340 i A, 320 Interval
210C,

R, + 60 = R, + 90, that is,

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 20



Solution steps — Step 5

Collect all the equations for all intervals and add
objective function (minimize utilities Qs and Q,,) &
solve the LP problem

minZ=_g_+ ¢,
g.01. R]. — QJ‘ - _3[}

R, R, =-30
RH“RE= ].23
g, — Ry =102

Q. O Ry Ry, Ry 20

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 21



minZ=0Q_+

st. Ry—-{,=-
Ry—-R,=-30
Ry~ R,=123
Q.,— Ry =102

0, Q. Ry Ry, Ry 20

. Solution steps — Step 5

Solution:
R,=30; R,=0; R3=123
Qs =60; Q=225

E34 v J« | indicates pinch point
C D E F G

22 H1 1 400 120
23 H2 2 340 120
24 C1 1.5 160 400
25 C2 1.3 100 250
26
27
28 Qs 60.000001
29 Qw 225.000001
30 R1 30
E R2 0 ||'nd|'cates l
32 R3 123.00000
33
34 minimize Z
35 Constraints 1 -
36 2 =E36-F36
37 3 =E37-F37
38 4

Solver Parameters

Set Objective:

To: ) Max @ Min

i ariable Cells:
$E$28:$E$32|

Sg)b'ad.\othe Constraints:

22
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Solution steps — Step 5

el
s

we have 5 wvariable
1 x2 =3 x4 %5
Qw R1 R2 R3

af o
[ I T
L

-
r

ot =

objective function: xl+x2
f=zeros(n,1);

f(l)=1;

f(2)=1;

$ inequality constraints: 0
A=[];

B=[1];

% equality constraints: 4
nedq=4;

Aeg=zeros (neq,n) ;

Beg=zeros (neq, 1) ;
Beq(l,1)=-1; Beq(l,3)=1;
Req(2,4)=1; Req(2,3)=-1;
Req(3,5)=1; Req(3,4)=-1;
Beq(4,2)=1; Req(4,5)=-1;

% boundary: non-negative
lb=zeros(n, 1) :

x=linprog(f,A,B,2Aeq, Beq, 1b)

Beqg(l)=-30;

Beq(2)=-30;
Beq(3)=123;

Beq(4)=102;

o o o o

_QS
R2

Qw

Rl
R1
R2

—-30
-30
123
102

23



Solution steps — Step 5

Collect all the equations for all intervals and add
objective function (minimize utilities Qg and Q) &
solve the LP problem

minZ=Q$+Qw miﬂz=QS+Qw

t R ~Q3=—3D L = — 30

- Rearrange Ry=0;
Ry =Ry =-30 to obtain Ry=R, =30 0,60 |
R3 e RE = ].23

R32R2+ 123ﬂ Q.5'+63
0. =R, +102=Q, + 165
R]a RQ,‘.! R}! Qs’ Qw 2 0

'QW_RH = 102
Qo Qo Ry By By 20

Solution:
R, =30; R, =0; R3=123
Qs =60; Quw =225

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani
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Minimum Utility

Temperature (°C)

400

300

N
o
o

100

H « . o
Pz Minimum hot utility 60 MW

é pinch

)

~

Minimum cold utility 225 MW

minZ=0,+ 0,

st. Ry=0,—30
Ry=R;—30=0,~60
Ry=R,+123=0+063
Q,=Ry+102= 0+ 165
R]* Ry, Ks, Qs Q2 0

200
Composite curve heat (MW)

400

Solution:
R,=30; R,=0; R3=123
Qs =60; Q=225

We have matched the results that can be obtained by the
methods of chapter 10. However, we have not minimized

the utility costs! The objective function needs a cost term.
Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 25




Introduce the utility cost terms to form the
LP transhipment model

Add more details to each interval of the heat cascade
diagram and derive new energy balance models

HK-!
Hot H - - c Cold
Process fE%k Qi ,EG,; Qi Process
Interval k
Hot 5 - - Cold
Utilities mésfm ”EE%GE:E Utilities
7 ) .
;o ¢ Consider also cold
Consider also hot A, utility available

utility available
Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 26



Introduce the utility cost terms to form the
LP transhipment model

Hk’-!
Hot 3, o - Y a¢ Cold
Process  jepy, jec, *  Process
Interval k
Hot s - Celd
Utilities méskam > HEE%GH Utilties
iy
New energy balance S .
for interval k min Z= ¥ cuOn+ ¥ cnl
~~~~~~ mes new
RSN
5 W H C _
S, Rk_Rk—l_ ZQHL+ ZQ” = ZQ,';: - ZQJ‘{ .-EC—],H-K
me Sy, new; ieH, jeCy

0520 OV 20 R 20 k=1..K-1

Course: Process Design Principles & I\/fe@gdg,u;g% £3f for SPEED, Rafiqul Gani 27



Minimum utility cost with new problem formulation

Example 16.2: Given the data in Table 16.2 for two hot-
streams and two cold-streams, two hot utilities and one cold
utility, Determine the minimum utility cost with the LP
transhipment problem

TABLE 16.2 Data for Example 16.2

FCp (MW/K) T,(K) Toul K
H1 2.5 400 320
112 3.8 370 320
Cl 2 300 420
2 2 300 370

HPE Steam: 500K S KWyr
LP Steam: 380K $50/Wyr
Cooling Warer: 300K $20/kWyr
Minimum Recovery Approach Temperature (HRAT): 10K

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 28



Minimum Utility Cost: LP Transhipment model
(example 16.2) : Step 1

TABLE 16.3 Temperature Infervals of Example 16.2

Cup Cl
430 I 420
A
H1 400 390
R,
H2 380 370
LP steam * R, A
370 (360
RB
320 ¥ * 310 300
+QW C2

Perform steps 2-4 (exercise in class)

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani
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Minimum Utility Cost: LP Transhipment model

(example 16.2) : Step 1

TABLE 16.3 Temperature Infervals of Example 16.2

Oup Cl
430 I 420
A 60
H1 400 ,,,_+_ 300
R,
50 1 380 (370 40
LP steam * R, A 20
25 370 360 20
Ry 120 120
320 ¥ 125 * 190 310 __;_ 300
+QW C2
200 190 240 140

Perform steps 2-4 (exercise in class)

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani
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Minimum Utility Cost: LP Transhipment model
(example 16.2) : Step 5

s.1. R - Opyp=-060 The solution to this LP yields the following results:
Ry—Ry=10 Ultility cost: Z = 6,550,000 $/yr.
Ry—R,—Q;p=—15 —_— Heat load high pressure steam: Qyyp = 60 MW

Heat load low pressure steam: Q, , =5 MW
Heat load cooling water: Qe =75 MW
R Ry Ry OupCrp w20 Residuals: R) =0, Ry = 10 MW, Ry =0.

«

The two above zero residuals imply that there are two pinch points for this problem: at 400-

390 K, and at 370-360 K. This means that the temperature intervals in this problem can be parti-
tioned into three subnetworks:

— R3 + QC“J= TS

Subnetwork 1: above 400-390 K

Subnetwork 2: between 400-390 K and 370-360 K
Subnetwork 3: helow 370-360 K

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 31



Minimum Utility Cost: LP Transhipment model
(example 16.2) : Step 5

s.1. R - Opyp=-060 The solution to this LP yields the following results:
Ry—Ry=10 Ultility cost: Z = 6,550,000 $/yr.
Ry—R,—Q;p=—15 —_— Heat load high pressure steam: Qyyp = 60 MW

Heat load low pressure steam: Q, , =5 MW
Heat load cooling water: Qe =75 MW
R Ry Ry OupCrp w20 Residuals: R) =0, Ry = 10 MW, Ry =0.

«

The two above zero residuals imply that there are two pinch points for this problem: at 400-

390 K, and at 370-360 K. This means that the temperature intervals in this problem can be parti-
tioned into three subnetworks:

- R3 + QC“J= TS

Subnetwork 1: above 400-390 K A?'Sl“il:rgces alr:jy ?Iven palr of

Subnetwork 2:  between 400-390 K and 370-360 K Oh O - S rle_?_rr?_s can

Subnetwork 3:  below 370-360 K exchange neat: Inis may
not be true

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 32



Minimum Utility Cost with Constrained Matches

The LP transhipment model implicitly assumes that any
given pair of hot and cold streams can exchange heat
(because no information as to which pair can or cannot
exchange heat was included)

1. Transportation model where we consider directly all the feasible links for heat ex-
change between each pair of hot and cold streams over their corresponding temper-

ature intervals (Cerda and Westerberg, 1983). Figure 16.3 illustrates this representa-
tion for Example 16.1.

Hot streams Cold streams

Interval 1

Interval 2

Interval 3

Wi

FIGURE 16.3 Representation of heat

Cour: Interval 4 flows for transportation model.
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Minimum Utility Cost with Constrained Matches

The LP transhipment model implicitly assumes that any
given pair of hot and cold streams can exchange heat
(because no information as to which pair can or cannot
exchange heat was included)

1. Transportation model where we consider directly all the feasible links for heat ex-
change between each pair of hot and cold streams over their corresponding temper-
ature intervals (Cerda and Westerberg, 1983). Figure 16.3 illustrates this representa-
tion for Example 16.1.

2. Expanded transshipment mode! (Papoulias and Grossmann, 1983) where we con-
sider within each temperature interval a link for the heat exchange between a given
pair of hot and cold streams, where the cold stream is present at that interval and the
hot stream is either also present, or else it is present in a higher temperature interval.
Figure 16.4 illustrates this representation for Example 16.1.

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani
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4200

Inkarval 3

Imlread 4

i 100G
G'l"l"

FIGURE 16.4 Fepresentation of exponded transshipment model for Example 16,1
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Minimum Utility Cost with Constrained Matches:
Extension of the LP transhipment model

The basic idea in the expanded transshipment model is as follows. First, instead of
assigning a single overall heat residual R, exiting at each temperature level &, we will as-
sign individual heat residuals R, R, for each hot stream { and each hot utility m that are
present at or above that temperature interval k. Secondly, within that interval k we will de-
fine the variable Q;; to denote the heat exchange between hot stream / and a cold stream .
Likewise, we can define similar variables for the exchange between process streams and

utilities

Interval 2

(<]
B ;
Q,-z

Tt Ames
D
K (2
A\_
C
Q. - ¢
- ~(9%)
B
Y ¥
Pic Bk

FIGHURE 16,7 Heat flows in expanded transshipment model.



The new more detailed model

By Rim,k-1

K: Interval D
) H Q
i hot stream

j: cold stream \— %) - o
m: hot utility . (%) /

n: cold utility

Yy V
R Rk
min = zemeﬁ + chQg

mes nely

= of ; '
s.tb. Rjp—Rj g3+ Zoijk"‘ ZQinJ‘c“Qik i€ H;

jEC_Ir =iy,
g I
Rm}c'Rm,k—.t"' Z'Qmjj{_@m—ﬂ mESk
JEC)
[ '
zﬂ?ijk + zﬂmjk =5k J€Cx
iEH}; mes).
w F o—
Egj_nj{_gn =} HEWR k=1,...K

IieH;

s =
Rig. Ruper Qijxr Cmiks PQinks Oms 9n 20

Course qul Gani 37
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Advantages

. 3 W
min Z= zcmﬂm + ZCnQn

mes nel
=0, iemH
S.E. Rjp—Ri gzt 2,Qiset 2,CQink=Qik d
jEC]'f HEW}C
= N
Rpype = Rp,p—1F EQmjk —0n =0 meS,
Jely
[ '
2 Qg > Omin =095k FeC
isHy meS.
w = F —
ZQink—Qn_U HEWR k=1,...K

ieH;
= W
Rik+ Rumper Qijxr Cmiks Qinks OQm. 9n 20

Rjg = Rjp = 0

The size of this LP is obviously larger than the previous one.
We can very easily specify constratins on the matches!

If we want to forbid a match between hot stream 1 and cold
stream J, all we need to do Is to set Q=0 for all intervals k.

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 38



Minimum Utility Cost & Constrained Matching
EXAMPLE 16,3

Let us consider the examp]e in Table 16.1 that we examined in section 16.2. For that ﬂxamp]cg
we found that by not imposing any restriction on the matches, the minimurn heating is 60 MW?
and the minimum cooling is 225 MW. If the cost of the heating and cooling utilities is $30/kWyr T
and $20/kWyr, respectively, this would mean an annual cost of $9,300,000/yr. In addition, weﬁ

found a pinch point at 340-320°C. Let us assume now that we were to impose as a mnstramt'
that the match for stream HI and CI is forbidden.

Heat Contents (MW)

Temperatire
Intervals (K) 1l H/! H2 Cl C2
420 400 A
int 1
H1 400 380 30
7 int 2
H2 340 320 60 90
int3 250
180 160 A 160 320 240 117
+ int 4
Y 120 100 60 120 78
C2 | 280 440 360 195

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 39



eConvert to the new
detailed heat cascade
diagram (Fig 16.4) — ~

Compare this
diagram with Fig
16.1

*Derive the energy
balance equations

for each interval

with the extended
transhipment model

Exercise in class

4200

4

FIGURE 164 Representation of expanded transshipment model for Example 16.1

Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 40



eConvert to the ney TABLE164 Expanded LP for Restricted Match in Example 16.3

detalled heat Cascade Utility Cost: min Z = 80000 Qg+ 200000,
] . Interval 1: St R+ Qg =~ Qg=0
diagram (Fig 16.4) — Qg1 =30
] [nterval 2: Ris4 Q2 =060
Compare this Rer—Rgy + Qg =0
diagram with Fig Ostat =30
Interval 3: Ris— R+ Q5+ Qppy = 160
16.1 Roy + Qsyq+ Oy = 320
Rgy— Ry + Qg3+ Qg3 =0
Derive the energy Oy + Oars + Oy =240
balance equations O O+ Q= 17
_ q Interval 4 —Ry3+ Qog + Q) yuy =60
for each interval ~Ryy + Oy + Oy = 120
: ~Res + Uy =0
with th_e extended Ot o1 0 =78
transhipment model Orvea+ Qo= Oy =0
Forbidden match: 2y12=Q115=0 (H1-CI do not exchange heat)

Exercise in class
Course: Process Design Principles & Methods, L10, PSE for SPEED, Rafiqul Gani 41



cost steam
cost water

cost utilities

Transshipment model

Solving it in EXCEL

80000 . .
20000 TABLE 164 Expanded LP for Restricted Match in Example 16.3
—CA2*E28+C43*E29 $fy -caz*Ds0scaz=pBility Cost: min Z = 80000 Qs+ 200000,
Qg =30
Constraints Tote . _
Qs 120 =D52+D58-D50 0 =E50-F50 fnterval 2: Ryt Qy1a =60
Qw 285.000001 =D58 30 |=E51-F51 Rey~Rg) + Oy =0
Rsl  89.9999999999999 (=D55 60  |=E52-F52 %
Rs2 0 =D53-D52+D59 0 =E53-F53 s1n+ iy =
Rs3 0 =D59 90  |=E54-F54 Interval 3: Biom RotOnd — 160
R12 60 =D56-D55+D62 160 |=E55-F55 137 RtQus+ O
R13  103.000001 =D57+D63+D64 320 |=E56-F56 Ry + Qa3+ Qamy = 320
R23 80 =D54-D53+D60+D61 O =E57-F57
Qsll 30 =D63+D60 240 |=E58-F58 Ry~ R+ Osiy* Oy =0
Qs12 90 =D62+D64+D61 117 |=E59-F59 Q113+ Qyy3+ Qg =240
Qs13 0 =D66+D67-D56 60  |=E60-F60
Qs23 0 =D68+D69-D57 120 |=E61-F61 Qpas + Qm + QS'H =117
Q123  116.999999 =D65-D54 0 =E62-F62 Interval 4: R+ + =60
Q213 240 =D66+D68+D65 78 |=E63-F63 3% Qe Oy
Q223 0 =D67+D69-D51 0 =E64-F64 —Ros + Qgaq + Qgpg = 120
Qs24 0 =D70 =0  =E65-F65 R _
Ry + Qegy =0
Q124 78 =D71 -0  =E66-F66 53+ Qo
Qlw4  85.0000010000001 Oy + Qoog+ Py =78
Q224 0
Qw4 200 Ql We + QZH":I - QW =0
gﬁ; g Forbidden match: Qy13=Qy;5=0 (H1-CI do not exchange heat)

$15,300,000/yr vs. $9,300,000/yr
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% we have 22 wvariable

% x1 =2 x3 x4 X3 X6 %7 %8 %9 x10 x11 xl2 x13

% Qs Qgw ERsl RsZ2 Rs3 R12 R13 R23 Qsl11 @sl2 Qsl3 @s23 @l23

% x14 %13 xlé x17 x18 %19 220 221 ®22

% Q213 @223 @s24 Ql24 Qlwd @224 Q2wd g@Qllz Q113

n=22;

% objective function

f=zeros(n,1); .
£(1)=80000; Utility Cost:
£(2)=20000; Interval I: St
% inequality constraints

r=[1;

=0 _ [nterval 2:
% equality constraints

neqg=17;

Reg=zeros (neq,n);

Beg=zeros (neq, 1) ;

Req(l,3)=1; Reqg(l,9)=1; Reg(l,1)=-1; Interval 3:
Req(2,9)=1; Beq (2)=30;

Reqg(3,8)=1; Reg(3,21)=1; Beqg(3)=€0;

Reqg(4,4)=1; Reg(4,3)=-1; BReg(4,10)=1;

Reqg(5,10)=1; Reg(5,21)=1; Beqg(5)=%0;

Reqgl(6,7)=1; Leqg(6,6)=-1; Reg(6,22)=1; Reqg(6,13)=1; Beg(6)=160;

Reqg(7,8)=1; Reqg(7,14)=1; Reg(7,15)=1; Beg(7)=320;

Reqg(8,5)=1; Reqg(8,4)=-1; BReg(8,11)=1; BReqg(8,12)=1;

Req(9,22)=1; Reqg(5,14)=1; Reqg(S,11)=1; Beqg(9)=240; Interval 4:
Reqg(l0,13)=1; Reg(l0,15)=1; Reg(l0,12)=1; Beg(10)=117;

Reqg(ll,7)=-1; Reg(ll,17)=1; Reg(ll,18)=1; Beg(ll)=60;

Reqg(l2,8)=-1; Reg(l2,19)=1; Reg(l2,20)=1; Beg(l2)=120;

Reqg(l3,5)=-1; Reg(l3,16)=1;

Leq(l4,17)=1; Reg(l4,1%)=1; Reqg(l4,16)=1; Beg(14)=78;

Reqg(15,18)=1; Reg(1l5,20)=1; Reqg(l5,2)=-1;

Leqg(le,21)=1; % which two cannot match

Req(17,22)=1; Forbidden match:

% boundary
lb=zeros(n,1);
x=linprog(f, &, B, keq, Beq, 1b)

Solving it in MATLAB

TABLE 164 Expanded LP for Restricted Match in Example 16.3

min Z = 80000 Q5+ 200000,

Rgp+ Q511 - O5=0

Qg1 =30

Rip+ @1y =60

Ry~ Rgy + Ug1, =10

G5+ Q112=90

Riz = RyptQy 5+ Q)53 =160
Rza_‘# Qzl3+ Q:!ES - 320

Rgy= Ry + Qgpa+ Oy =0

Qi3+ Qo3+ Q3 =240

Qa3 + Oy + Oy = 117

“Ry3+ Q1pq t Oy =60

Ry + Oy + Oy = 120

Ry + Qeay =0

Qo+ Qg+ Oy =78

Crwat Qoyg— Q=0

Oy1a=Qy3=0 (H1-Cl do not exchange heat)




TABLE 164 Expanded LP for Restricted Match in Example 16.3

Utility Cost:
Interval 1:

[nterval 2:

Interval 3:

Interval 4:

Forbidden match:

min Z = 80000 Q4+ 200000,

Qgyy =30

Riy+ @11y =060

Rga =Ry + Qg12=0
Qg2+ Q112=90
Riz=RyptQy 3+ Q3= 160
Rog+ Qayqt Qgay =320
Rgy=Rgy+ Ugpa+ Qepz =10
Q113+ i3+ Qg =240
Q23 + Qo3 + Bz = 117
~Ry3+ Qipg + Qpypy = 60
Ry + oag + Qo= 120
Re3+ Uy =0

Q1aq + Ongs+ Qg =78
Qiws* Qo — Gy=0

Gy1a=013=0 (H1-C1 do not exchange heat)

Solution of the
problem gives us
the minimum cost
utility plus a
realistic match of
hot and cold
streams!

Are we satisfied?
What more can we
Include?

What is the
minimum number
of HEX?
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Prediction of matches for minimum number of units

EXAMPLE 16.4

1et us consider again the problem in Table 16.1. We will assume that no consiraints are i.mposad
on the matches, so that 60 MW will be required for the heating and 225 MW for the cooling. Re-
ferring to Figure 16.8, which follows from Figure 16.4, Egs. (16.12) to (1 ﬁ» 14) lead w0 the_prnh-
lem shown in Table 16.5. If we solve the MILP, the solution that we obtain involves the six fol-
lowing matches:

Above pincihi

Match Steam—C1 6O MW EJ’S]A =1, QSI] = 30, QSI‘I = 3{0)
MatChHl—Cl 60 MW (}rllﬂ=l’Q|]2=60}
Below pinch:
Mat'ch HI_C]. ?.-5 MWW [J'Fi:].ﬂ= 1... Q|13=15}
Match H1-C2 193 MW Oap =1, Qa3 = 117, Qi34 =78}
Mlatch H2-C1 215 MW vy =1 Q23 = 215)
Temperatmre Heat Contents (MW
Intervals (K) CrI Fs i H2 () 2
420 400 [ )
int 1
H1 400 380 30
int 2
H2 340 320 a0 920
int 3 250
180 160 A 160 320 240 117
int 4
Y Y 120 100 60 120 78
C2 280 440 360 195 45




Convert to the new detailed heat

cascade diagram (Fig 16.8)

Cour

* O, =60 M
420°0 400°C o
a0 1 _
400°C v Fs 380°C
an
=@ -/7
E.}_'l ) 240
FAgm =0 o =0 PINGH
¥
031 /—L
':"11 —KIL
S \.1
a
213
-
'Dﬂﬁ
180°C A llﬂm A, 160°C
1' h | 117
Yy
'I:|1
Y .._/"® 195
/ o2

12000

1003
= 225 MW

FIGURE 168 Representation of heat flows in MILP transshinerens



Derive the energy
balance equations
for each interval
with the extended
transhipment model

For match or not

The upper bound
Uijis given by the
smallest of the heat

contents of the two
streams

TABLE 16.5 MILP Model for Example 16.4

. - i y, B :
MNumber of units: min Z = J'\-;l‘q + 3 1"'" +y YT T
918+ v,8 + o

IH[EWE] 1: 5.t RS[ + QS]I = 00
Qg1 =30
IﬂtEWﬂl 2: H]E + Qlll =60

Rg = Rg) + Qg3 =0
Qeya + Q2 =N
Interval 3: Rys = Ryt Qi3+ Qya3 = 160
Ryz 4 Qapat Qop3 =320
O3+ Qa3+ Qg3 = 240
Qa3 + Uapz+ O3 = 117

Interval 4: --R|3+Q124+Q1w4='50
_R'lg + QEE:I - Q‘lH"ﬁi =120
324+ Oppa+ 524 =78

+ Oy =225

QOgyy+ Q12— 60 5" =
Q12— 60y 4 =0
Matches below pinch: Q3 —220y,5<0
Qg3+ Q24— 193 yio? <0
Qs — 220 y13P =0
QIIE = 240 }rzlﬂ =<0

Onyy + Oogg — 60 ¥27 £ 0
O — 22533 W =0
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% we have 27 wariable
g xl x2 %3 x4 x5 x6 x7 %8 x8 =10 =11 =x12 %13
% yslh y11n y11B y12B ylwB yv21B y22B y2wB Rsl Qsll R12 Q112 Rs2
% x15 xlé %17 x18 x19 %20 %21 %22 %23 x24 x25 x26
2 R13 Q113 0123 R23 Q213 @Qsl13 0223 (Qs23 Q124 Q224 (Qs24 Qlwd NumbBTDfUﬂiitE:
n=27;
% objective function
f=zeros(n,1);
% 8 binary Interval I:
nb=8;
f(l:nb)=1;
% inequality constraints
nie=g; [nterval Z:
Lk=zeros (nie,n):
B=zeros (nie, 1) ;
B(1,10)=1; B(1,14)=1; B(l,1)=-80
B(z2,12)=1 B(2,2)=-80
BE(3,1e)=1 B(3,3)=-220
B(4,17)=1; R(4,23)=1; A(4,4)=-195 [nterval 3:
L(5,28)=1 B(5,5)=-220
B(e,19)=1 L(6,6)=-240
B(7,21)=1 B(7,24)=1; B(7,7)=-185
(g, 27)=1 B(8,8)=-225
% equality constraints
neg=13;
Leg=zeros (neq,n) ; ln‘ﬂml 4:
Beg=zeros (nedq, 1) ;
Reg(l,9)=1; Leq(l,10)=1; Beq(l)=60;
Reqg(2,10)=1; Beg(2)=30;
Reg(3,11)=1; Reqg(3,12)=1; Beg(3)=60;
Beg(4,13)=1; Reqg(4,9)=-1; BReq(4,14)=1; Beg(4)=0;
Reqg(5,14)=1; Reqg(5,12)=1; Beg(5)=90;
Reg(6,15)=1; Reg(6,11)=-1; Reg(6,1l6)=1; Reg(6,17)=1; Beg(é)=160;
meq(7,18)=1; Req(7,19)=1; BAeq(7,21)=1; Beq(7)=320; Matches
Reg(8,16)=1; Reqg(8,19)=1; Reqg(8,20)=1; Beg(8)=240;
Reg(9,17)=1; Reqg(9,21)=1; Req(9,22)=1; Beg(9)=117;
Reqg(1l0,15)=-1; Reqg(l0,23)=1; Reg(l0,28)=1; Beg(10)=60; 1
Req(1l,18)=-1; Aeq(ll,24)=1; Beq(ll,27)=1; Beq(11)=120; Matches below plﬂ':h:
Beq(12,23)=-1; Req(12,24)=1; BReg(l2,25)=1; Beq(12)=78;
( (

Req(13,28)=1;

% boundary
lb=zeros(n,1):;
ub=ones (n,1)*In
ub (1l:nb)=1;

Req(13,27)=1;

£

Beqg(13)=225;

% binary is integer
intcon=[1:1:nbl;
x=intlinprog(f,intcon, A, B, Req, Beqg, 1b, ub)

<14 TABLE 165 MILP Model for Example 16.4

min Z=yg + 31" + ) Fe B+
Bt ypuB+ yoP
RS[ + an=60
Q=30

Ryt Q=160
Rg = Rgy + Qgpp =0

Qoa* Q2=

Rys~ Rypt Qypat Oy = 160

Ry ¥ Oyt O3 =320

0413+ Qapy t Qg3 =240
Q3+ Oyt Uiy = 117

=Ry3+ Qe+ Qe =60
~Roz + Oy + Qs = 120
014+ Oyt Oy = 18
Oy =225

Oy + Q512 60 ¥s;
0112~ 60,10

@3- 220,550
Qpay+ Opay= 195y1" €0
Qs = 220yy# <0
(13— 103y €0

Oy + Oy~ 6037 €0
Opyys = 225 1y <0




Above pinch:

Match Stcal'n—C]. 60 MW O’SlA =], Q.Yll = 30, QS!2 = 30)
Match H1-C1 60 MW Oyip = 1, @ria = 60)
Below pinch:
Match H]1-C1 25 MW Ong=1.2123=23)
Nlat(:h H]"CZ 195 MW (_}'|28= l, Q‘23 =1 17, QEZ“ = 78)
Match H2-C1 215 MW (vy1p =1 Q23 =215)
MatCh 1‘12—\\!' 225 MW ()'2“;8 = 1. Qz‘v4 = 225)
400 340 315 Y
H O O - w120
530 5 Water
340 ;
H2 @ ’@ - 120

Y
Steam 320
a0 fL'\ /-—C/ 160 1
400 g

100
N co
D50 e ()

FIGURE 16.9 Network configuration for matches predicted from MILP
in Example 16.4.
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What Next?

Add heat exchanger design equations (Q = UAAT,, )
Add heat exchanger cost equations (cost = f(A))

Result: MINLP Transhipment model (simultaneous
optimization strategy) — rest of chapter 16.

Note: MINLP = Mixed Integer Non-Linear Programming
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Research Highlights — I: Biorefinery data

— > Distillation 5 @Gasline
° |
Pretreatment
V)
-g Size reduction Acid Hydrolysis /f*"" Ethanol
- Steam Dilute Sugar
o explosion /" vermentaticn
Liquid hot Concentration — | Butanol
water siof
iofine
g Dilute acid
i Levulinic acid
(4] Alkaline Emzyne Hydrolysis
E S~y Lignin residue
o Other solvent L Electricity
Liquid Fuel
Pretreatment
Size reduction Bl s Bio-oil
— \_/,v Hydrogen

Washing

Drying
\" Gasification Syngas

Torrefaction
\_/' : Find optimal combination of raw
Biochar

materials. routes & products
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100 %
Gasoline
E5*

ElD

999 %

Ethanol
Bs5*
B10
909 %
Acetone
999 %
Butanol
999 %
Succinic Acid

X % Ethanol +( 1- X ) % Gasoline
X % Butanol + (1 - X) % Gasoline

*EX
BX

Others

-

Superstructure

|
(V)
)
i

Ighlig

Research H

Qil Refinery

Pre-Treatment




B Research Highlights — 111: Optimal Biorefinery

7 stages

Lignocellulose
(100 Kg)

72 processing s,
steps

452179 352K °
equations Acsoms .
68 binary

] -
decisions _—
(1982 Kg) '
Coansasline Crude Onl

Fobj = f(products, raw material, chemicals, waste, fixed
cost) 35. 3 USDI1 00kg of blomass




Objective
function

Process
model

Process
constraints

Flowsheet
constraints

Variable
bounds

min2x, +3x, +1.5p, +2p, -05p, Wi

s

ity =125

nt+15y, =30

r+y =160

1333, +p, < 300

—h okt =0

»r =1

x,x 20

Fodds ={01}
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Manage the complexity by decomposition: example

Solution strategy:

Solve I:Y1=1,Y2=1,Y3
=0;Y1=1,Y2=1,Y3=1
(only two feasible sets)

Solve II: X1 =0.5; X2 =
0.544 (for both sets of Y)

Solve III: Eq.4 & EQ. 5
are satisfied for both sets of
Y and the calculated values
of X

Solve IV:Eq 1 = 6.132 for
set1l: =5.632 for set 2

Global optimal
solution: set 2
(X1=0.5, X2=0.544,
Y1=1,Y2=1,Y3=1)




