PART 6

HEAT INTEGRATION AND
MATHEMATICAL
PROGRAMMING



PINCH TECHNOLOGY
SHORTCOMINGS

It is a two-step procedure, where utility usage Is determined

first and the design is performed later.

* Trade-offs are optimized (through Super-targeting) using an

approximation to the value of area (Vertical heat transfer)
and using minimum number of exchangers. '
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PINCH TECHNOLOGY
SHORTCOMINGS

Capital Investment trade-offs between area and number of
units Is resolved in favor of minimizing the number of units.
All exchangers are subject to the same AT, .,(HRAT).

There is no shell counting

No procedure is given for handling splitting away from the
Pinch

It IS not systematic: After pinch matches are placed one is left
using common sense built expertise

Larger problems offer combinatorial challenges



PINCH TECHNOLOGY
SHORTCOMINGS

.
* VVertical Transfer takes place in regions

close to the pinch, while non-vertical
transfer takes place away from it to
minimize the number of units.

 Options allowing criss-cross at the pinch
may offer some advantages .




ALTERNATIVES

e Alternative models need to:

Treat all the trade-offs simultaneously through costs (energy, area,
fixed costs for units/shells) and move away from two step procedures
and relaxations. Let the true economics determine the design
Remove limitations on heat transfer (HRAT), and possibly introduce
exchanger minimum approximation temperatures (EMAT) to specific
pairs of streams when appropriate or desired.
Do not exhibit limitations like lack of control of splitting or isothermal
mixing.
Be systematic and potentially automatic.

WE LOOK INTO MATHEMATICAL PROGRAMMING
FOR THIS PURPOSE




MATHEMATICAL MODELS

Mathematical model to calculate the minimum utility.
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MATHEMATICAL MODEL

Si k1
i1 »| Px1
Ji1  Sik2
! , Py 2
| Sik,j
Fij > Py
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Sikn -
r|n pk,n

Assume now that we do the same cascade for
each hot stream, while we do not cascade the
cold streams at all. In addition we consider
heat transfer from hot to cold streams in each
interval.

The material balances for hot streams and
utilities are:

5;=6 .+, —> S, Vi=l.n

{5,0—0 0y020

K

The heat balances for cold streams are:
Pei =2 Sk Vi=1..n

where r;; and p, ; are the heat content of hot
stream i and cold stream k in interval j.



MATHEMATICAL MODEL

Sik1
Ii1 »| Pk 1
Oi1  Sik2

Iio | P2

: Sik,j

I’i’j > pk,j
»| Pij+1

Sikn

ri,n > pk,n

Although we have a simpler model to solve it,
In this new framework, the minimum utility
problem becomes:

Min &, ,

St

6,,=0 VizU

S, =06 .4+, =Y s, Viuu,vj=1.n

Note that the cascade equation for hot streams
now includes the utility U as well. Cold
streams include cooling water.

More than one utility? Add it as another
hot/cold stream



CAN THIS GIVE A NETWORK?

We use the following principle: Always satisfy cold stream requirements
using hot process streams first. Consider the example given in Part |

AH=27 MW AH=-30 MW
T:WQ T=230°C i Reactor 2 _’Q_’T:8O oC
T=200°C
AH=32 MW AH=-31.5 MW
e O ot |——(—
| AT... =10 °C \ T=180 °C T=250°C T=40°C |—>
min
Stream Type Supply T Target T AH F*Cp
(°C) (°C) (MW) (MW °C)
Reactor 1 feed Cold 20 180 32.0 0.2
Reactor 1 product | Hot 250 40 -31.5 0.15
Reactor 2 feed Cold 140 230 27.0 0.3
Reactor 2 product | Hot 200 80 -30.0 0.25




CASCADE

The problem had the following characteristics
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TRANSSHIPMENT

We will look at the intervals above the pinch only

U H1 H2 Cl C2
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No arrows down here.
We are at the pinch!!!



TRANSSHIPMENT

We start with the first hot stream (H1). There is no cold stream
In the first interval. Then we cascade everything down

U H1 H2 Cl C2
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TRANSSHIPMENT

We now send 7.5 to the cold stream and use utility cascaded
to fulfill the 12 units the cold stream C2 requires

U H1 H2 C1 C2
4.5

250

0

N 5
240 4-5,/"— 5 TTTTmeea
! 75 Tl
_____________________________________ A

0 6 12
200 l 0 l 0

0 15 2.5 3
190 ’ 0 ’

150



TRANSSHIPMENT

In interval 3 there are two streams. We use H1 first and then
H2 if needed

U H1 H2 Cl C2
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TRANSSHIPMENT

We finish in interval 4 using H1 first with C1, then H2-C1
followed by H2-C2 and then U, which is now been

augmented
U H1 H2 Cl C2
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We obtain the same utility!!!
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TRANSSHIPMENT
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The flowsheet can be simplified.

-The heater in C2 can be moved to higher

temperatures and merged with the other,
allowing removal of the split in C2.

-The split in H2 and C1 cannot be removed
simply by inspection

The resulting suggested
network is very
complicated
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TRANSSHIPMENT
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No splitting takes place because'hot H1 cascades 3
units to supply the 2.5 in the 3" interval

We conclude that we need to
minimize the number of
matches between streams

The PDM network Is
less complicated
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COUNTING MATCHES

Sik1
Ii1 »| Px1
Oi1  Sik2

Iio | P2

: Sik,j

rI,J > pk,j
»|Pij+1

Sikn

ri,n > pk,n

We would like to have a model that would tell
us the s;; such that the number of units is
minimum. We now introduce a way of counting
matches between streams. Let Y;,  be a binary
variable (can only take the value 0 or 1).

Then we can force Y; to be one using the
following inequality

> s -, <0
]

indicating therefore that heat has been
transferred from stream i to stream k in at least
one interval.



MATHEMATICAL MODEL

Sik1
Ii1 »| Pk 1
Oi1  Sik2

Iio | P2

: Sik,j

I’i’j > pk,j
»|Pij+1

Sikn

I > pk,n

The complete model would be:

ry1 =Minimum utility from
previous model (O, o)

Min Z D> Y

S.t
é‘i,O:O Vi )
rd
5i,j =0 jath; _Z Sik.j Vi, V] :11---m|

k

Pr.i :Z Sik.j vk,Vj=1..m,

D s —TY, <0 Vi, vk
j

The model can only be solved above and
below the pinch separately. Why???




ANSWER

150 °C 40 °C - e e .
i 28— 0) (e We are minimizing the
1 2000¢ o 0 number of matches. We saw
- 80°C already that more than one

S w0k | Ay e - exchanger can exist If all

) N\ regions (above and below
290_"@06—8—- o 69 the pinch) are considered.

140 °C
75 7 12.5

Example: H1-C1 has one match above the pinch and one match below the pinch. If
solved ignoring the pinch (one region for the whole problem), then it would count these
two exchangers as one match.

When solved separately, it would give the right number.

THUS, this model will ONLY give the right answer
(Matches= Exchangers) Iif run in each region separately



GAMS MODEL

TABLE P(K,J) load of cold stream K1 in interval J

z=Min > > Y, 001N 2 13
i k C1 0 0 O 8

C2 0 12 3 12

st
5,=0 Vi
' VARIABLES
0, | = 0, it _Z Sik.j Vi, Vj=1..m, S(1,K,J) heat exchanged hot and cold streams
' ' ’ " o D(1,J) heat of hot streams flowing between intervals
. Y(1,K) existence of match
pk,j = Z Si,k,j VK’VJ :11"'m| Z  total number of matches ;
i
i POSITIVE VARIABLE S
_ POSITIVE VARIABLE D
. BINARY VARIABLEY ;
EQUATIONS
MINMATCH objective function-number of matches
GAMS MODEL HSBALZ1(I1,J) heat balances of hot stream | in INTERVAL Jne 1
SETS HSBAL(I,J)  heat balances of hot stream I in INTERVAL 1

CSBAL(K,J) heat balances of cold stream J1 in K

| hot streams above pinch /U, H1,H2/ HTINEQL(I,K) heat transferred inequalities;

K cold streams above pinch /C1,C2/

J temperature intervals / J0*J3 /; MINMATCH .. Z =E= SUM((1,K), Y(I,K)):
_ HSBALL(1,J)$(ORD(J) NE 1) .. D(1,3)-D(1,3-1)+ SUM(K,S(1,K,J)) =E= R(1,J);
SCALAR GAMMA /100007 HSBAL(LJ)$(ORD(J) EQ 1) .. D(LJ)+SUM(K,S(1,K.J)) =E= R(1.J):;
CSBAL(K,J).. SUM(I, S(I,K.J)) =E= P(K.J) :

TABLE R(1,J) load of hot stream I1 in interval K HTINEQL(LK) .. SUM(, S(1,K,J)-GAMMA*Y(1,K) =L=0 ;

Jl J2 J3 Ja
u 75 0 0 0
H1 15 6 15 6
H2 0 0 25 10

MODEL TSHIP /ALL/;
SOLVE TSHIP USING MIP MINIMIZING Z;
DISPLAY S.L,D.L, Y.L, Zl;




SOLUTION

VARIABLE S.L

J1 32
250
U.c2 7500
H1.C2 4500 0500 10.000 o4
H2.C1 8.000
H2.C2 2.500 2.000
200
- VARIABLE D.L
J0 J1
U 7500 190
H1 1500 3.000  4.000
- VARIABLE Y.L 150
cL C2
U 1.000
H1 1.000
H2  1.000 1.000
- VARIABLE Z.L = 4.000
EXECUTIONTIME =  0.0001 SECONDS

TRANSSHIPME

H1 H2 Cl C2
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This result is different from the
one given by the PDM.

However, it predicts correctly the
number of exchangers.



TRANSSHIPMENT

U
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Splitting of C2 takes place because hot H1 and 2 N f g
H2 give to C2 in the last interval. H2 values ;
cannot be moved to a sequential arrangement C, < () 1407C
because the cascade is zero. 3
Finally, H2and C2 split at the last interval. With
this solution, this cannot be changed. c, <_@_Q_<> ()

~—
10 [1400C
Some form of limiting splitting is needed. o > 23 \@7
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/\ PDM

4 Matches- 4 exchangers

By ad-hoc rule RIGHT ANSWER

5 Matches- 8 exchangers Mathematical
BADI Programming
4 Matches- 6 exchangers
BETTER

Some way of controlling splitting AND th
number of units is needed

In addition, area cost is not included

TRANSSHIPMENT
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TRANSSHIPMENT

We conclude that the transshipment model

Can calculate Minimum utility and predict the number of
matches.

The number of matches are equal to the number of
exchangers, but....

The model may (and usually does) give more exchangers,
than matches.

Some way of controlling splitting AND
the number of units Is needed as well
adding area cost Is needed.

This 1s done In the next MILP model



TRANSPORTATION MODELS

Streams are divided in small temperature intervals
Heat can be sent to any interval of lower temperature.

AzZ,H z
Qijm = > Qim, jn

:1: 2 ;3 4 5 6 7 ;8 neM?;Tr<TY
— f : > jeCliiePS
q5£1 F{Z H z: 2: anjn
neM?’ jeC}
T <Tm !GHE
, qzc _ Zqz . 1Py,
qim,jn ijn im, jn

meM?;TE<TY
ieHé;jeHH

z, C
qﬁ#} Z&Fi 2: E: qHﬂjn
meM? ieH}
T <T IePC
jep}

Barbaro and Bagajewicz (2005)




TRANSPORTATION MODELS

The model

* IS LINEAR!!!!

« Counts heat exchangers units and shells.

 Determines the area required for each exchanger unit or shell.
 Controls the total number of units.

 Determines the flow rates in splits.

« Handles non-isothermal mixing.

* Identifies bypasses in split situations when convenient.

* Controls the temperature approximation (ATmin) when desired.
 Can address areas or temperature zones.

 Allows multiple matches between two streams



TRANSPORTATION MODELS
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MODEL STATISTICS

SINGLE VARIABLES
DISCRETE VARIABLES

TIME TO REACH A FEASIBLE
SOLUTION

TIME TO REACH GLOBAL
OPTIMALITY

1428

246




Stages Superstructure Model

Assumptions:
- Heating and cooling takes place at the end.
- Isothermal mixing.

Superstructure for 3 stages, two hot (H1,H2) and two cold (C1,C2) streams

LOCATION 1 LOCATION 2 Ln-n.r.Tm 3 LOCATION 4
| i I

St

|

|

Ll

|

1

‘7@4 —T
| | i

o[ ] ‘
i ! |

I ETAGE 2 | STAGE 3 |

I STAGE 1

__F__TA_

_l
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Stages Superstructure Model

At each stage every hot/cold stream splits and
matches with all other (cold/hot) stream. H1 and
C1 are highlighted




Stages Superstructure Model

Var | ab I es q ik Heat transferred from hot stream “i” to cold
stream “J” in stage “k” . This heat corresponds to
H an exchanger!!!
tl ,k T t f ld t (I3 EEE
Temperature of hot stream “i” in R tC empirriure ot cold stream J n
| : : jk stage “k” ('the same for all exits of
stage “k” ( the same for all exits of ’
‘ ’ heat exchangers)
heat exchangers) n 4
TOIUT!
LOGCATION 1 \ LOCATION 2 : LOCATION 4 ,
) N’ | .~ Outlet temperature
H I | [ e of hot stream “i”’
TINS == s N i (parameter)
Hi ——
Inlet Temperature i | I TIN.C
of hot stream “I”’ I I ot ]
Lo
(parameter) ,‘@dq ll | | - Ir}let Lemperatu:g”
7 | : | of cold stream
T OUT:G'/ i | l (parameter)
j
Outlet Temperature@ : | T T C2
of cold stream “j” I | ! i
(parameter) H? —L e b
I | i i
i I | i
|

I STAGE 1 BTAGE 2 | STAGE 3 |



Stages Superstructure Model

Heat load for

Overall Heat balance for each stream. e utilities
<‘_—/’:,/' ,I,',
(TIN =TOUT™)F" = > > g, +acy, ieHP
keST jech - o
C C c _ PR
(rOUTj _TINj _) I:j - Z Z qijk +qhuj J € CP Stage 1 exchangers involved in
keST ieHP stage balance for hot stream H1

Heat balance at each stage womorr  Plogoe o wooprons

(G —tiea)F" = Z Qi e HP, ke ST ]

i .
] |
jecP ' T
T Wi r—
(tck _tck )FC - q"k JECP’kEST H2 : : I I
SRS T(SE VAN i; ij :| T it TQ‘
T\

Assignment of Superstructure inlet temperatures _
Stage 2 exchangers involved

in stage balance for cold

-|_|NiH Zti': e HP stream C2
C
Tle =

—-—
~~
Ss
N

______________ NOK is the last stage



Stages Superstructure Model
Equations

Feasibility
ty 2 tii?k*l) e HP keST Cmmmmm - Temperatures decrease from
ts >t° jeCP,keST <________’:::/S/'tagetostage
jk = Tj(k+D) , e
TQUTJ-C > til jeCP -7 /
TOUTiH ZtiTNOKH_) iecHP £ e T -

Hot and cold utility load

" —TOUTHM)F" —gcu. ieHP
i(NOK +1) i i i

C C - ___,/’ !
(TOUT —-t;)F" =qhu; jeCP e | -,

Logical Constraints (to count exchangers)

qijk - Zijk <0 e HP, Je CP, keST Zij, ZCU,; zhu; are binary variables

qcu; —Q zeu; <0 e HP Gy >0 =z, =1

ghu; -Q zhu; <0 jeCP



Stages Superstructure Model
Equations

Calculation of approach temperatures
dt;, <t — JI(+F(1 Z”k) e HP, jeCP,keST
At ety < sy — L e +F(1 Zy) 1€eHP, jeCPkeST

\\
~\
~

dtcu; <tyox.s) —TOUTgy +T(1—zcU )i € HP
dthu;, <TOUT,, tf1+1“(1 zhu, ) jeCP

T T - When z;,=1, then EMAT <dt, <t -t
Limiting temperature approach ____________________ making U, 1S, positive and

——————————————— bounded from below

dt;, > EMAT IeHP jeCP,k e ST

Objective function (Utility costs+ Fixed HEX installation costs)

O= Mm{CCU > qcu, +CHU ) ghu, + > > > CF, 7, + > CF,zcu, + Y CFyy zhu }

ieHP jeCP ieHP jeCP keST ieHP jeCP

Notice that one could also add area cost, but the model will be nonlinear



Stages

Superstructure Model
Equations

 The model is linear

« One can add area cost but then more equations are

needed and

the model will be nonlinear.

 Using the linear model and varying the weight of the

fixed costs,

one can obtain solutions exhibiting

different energy usage and evaluate them



Stages Superstructure Model
List of parameters and variables

Parameters

TIN = inlet tempemture of stream TOUT = outlet temperamre of stream
F=heat capacity flow rate U = gvexrall heat transfer coefficient
CCU = unit cost for cold tility CHU = unit cost of hot wrility

CF = fixed charge for exchangers C = area cost coefficient

P = expanent for area cost NOK = total number of stages

£} = upper bound for beat exchenge I = upper bound for temperature difference

Varinhles

dr#.=mu1pcmmmappmachfnrmatch (i} at temperature location k

dici, = temperature approach for the match of bet stream { and cold wlity

drhuj=t¢mpl:mturﬂappmndlfurﬂm match of cold stream j and hot ntlity

g = heat exchanged between hot process stream / and cold process stream f i
stage k-

gou, = heat exchanged between hot stream § and cold wiility

qhuj=huatuxuhnngedh=twe=nhntuﬂﬁty and cold stream j

#; 4 = temperature of hat stream 7 at bot end of stage &

,; = lemperature of cold stream j at hot end of stage k&

Zy, = binary variable to denote existence of match (i) in stage &

zeie; = hinary variable to denots that cold utility exchanges heat with stream



