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Heat integration

» Heat integration could result in enerqy and cost savings up to 15~45%

Electricity Grid

1 Definition

Systematic methods for designing integrated
production systems ranging from Individual processes
to total sites, with emphasis on the efficient use of

Renewables” Fossil Fuels H

' = N
iR B E

energy and reducing environmental effects -
Steam Gas Wind _ Sun Heat pump
m R Q®  turbine turbine };{
Raw Natural Electricity Fossil i
materials Byproducts Products Air gas to grid fuels T i
S | ’ I T
Process Bio-fuels | | i vy S Electricity
streams (including | Y X A Steam
. —> . waste | 1 1 1 Mk d ¥ < Hot water
Chemical Plant Utility Plant : 5 5 5 5 5 b i
eElectricity * YYVY 12220122, YVYVY vVVe vVVY v 9 y
< @ —~ @A
Electricity ééf ﬂz_@ (o = s é =L 'I\ é/ i
from grid Hot process |Cold process Steam $ unit1 ][ % unit2][ % units][_ unit4||  units||  unite|[  Unit7
streams streams
Fossil Fuels
Fossil Fossil
—_— .
Cooling Heat Integration Bio_fuels::'_ Fuels [~ Fuels
water (including waste) >

Purdue University Page 1 — Introduction



2

PURDUE  osisonschooto @

UNIVERSITY Chemical Engineering

Heat exchanger network synthesis (HENS)

> HENS is an important aspect of process design to improve enerqy efficiency

0 General problem statement

Given:

a set H of hot process streams to be cooled from the
supply temperatures to the target temperatures

a set C of cold process streams to be heated from the
supply temperatures to the target temperatures

heat capacities and flow rates of the hot and cold
process streams,

utilities available and the temperatures or temperature
ranges and the costs for these utilities

heat-exchanger cost data

Design:
An optimum network of heat exchangers with minimum

annualized investment costs and operating costs (and
emissions).

Purdue University
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Heat exchanger network synthesis (HENS)

» Method1: Pinch Analysis (PA) based on thermodynamics stope =T 1
dQ FCp
O General steps 0 i R 7
. 240 f - - - 240- -
1. Thermal data extraction . a .
2. Minimum approach temperature selection o B / o =
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Heat exchanger network synthesis (HENS)

> Method1: Pinch Analysis (PA) based on thermodynamics

O Composite curve
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AT,,in represents a bottleneck for heat-recovery and is referred to as the Heat Recovery Pinch.
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Heat exchanger network synthesis (HENS)

> Method1: Pinch Analysis (PA) based on thermodynamics

O Problem table method and Grand composite curve
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method
Decomposed into a series of target subproblems which are solved successively:

1. Given heat recovery approach temperature, the goal is to find the minimum utility consumption/cost
(Expanded) LP transshipment model — Q" and Q¢

2. Fixed the utility consumption (from the LP model), the goal is to find the minimum number of heat exchanger units
(matches between hot and cold streams) required and their corresponding heat load
MILP model — Vi j and Zk Qi,j,k

3. Fixed the number of HEs as the number of matches as well as their heat loads (from the previous MILP model), the

goal is to find the heat exchanger network configuration with minimum area/capital cost
NLP superstructure model — F,T, A

Purdue University
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method

Step1: LP transshipment model

R
Hot stream Cold stream
H ! > (%-C min > Cm@5,+ X CoQY
Z sz - jE G k ‘ mes new c W
i€y Interval st. Rea+ 3 QFE+ ¥ Q=R+ 3 Qi+ X Qn,Vk
z M N k - Z QnW i€H, meSy F€Cy neWy
me.gm j "e% quszaRkZO
. . Ry=0
Hot utility R, Cold utility - Ry =0

Residual heat

Purdue University
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method

Step1: LP transshipment model
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method

Step1: Expanded LP transshipment model

Hot stream
H
Qik

@y

Hot utility

min ¥ ( > CsQop+ X, CnQn“:’c)
k new

meS

Rix —Rijp1+ 3 Qujk+ > Qink = Qff, Vi € Hy )

jeCi neWy
Ruk —Rmip—1+ 2, Qmjxk= Q5,, Ym € Sk
JECk
Y, Qijk+ Y Qmijk = Qjcka Vi € Gy
i€Hy meESk

3 Qink=QW,Vne W,
1€H},

Ronk, Rik, Qijk> Qmiks Qink, O, Q) 20 )

Ry =0,Viec Hy, Rno=0¥me Sy
Rixk =0,Vi€e Hx Rnk = 0Vm € Sk

This can be reduced to compact LP model by defining:

s.t.
mk-1 Ri k1
Cold stream
M C
R U
G| g
o o Qi
| y.___J:__‘_‘:_:f -
: ' Cold utility
Y Y
Residual heat
R.
m’k l,k
Y
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method

85 H
Step1: Expanded LP transshipment model Qik
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method

Step2: MILP model for minimum number of matches

min > 2 Ui

i€H; 1€C,

st. Rig—Rig1+ 3 Qin=QF, i€ Hy, k=1,...

JECK

> Qijr=0Q% J€CKLEk=1,....K,
i€H;

3 Q,kaQqu<0 ieH jel
kEK,

R{k, Q‘ijk >0, Vi, V3, Vk
y5; € {0,1}, Vi, Vj

Purdue University
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

0 Sequential method
Step3: NLP model for network generation

out in
t 1 Cl’ﬁ !tl

|
/i

A

Purdue University

F E

Objective function

mincost = c1 A% + cp AYS

Mass and energy balance for splitter and mixer

F+F=F

Mi 1 F1+F3-—F3=0 F3—F6—F5=0
et FlTIN + FgThg — F3T3 =0 Fy—Fp—Fy3=0

Mi 9 P+ F—6—Fy,=0

_ 1xer FzTIN + FeTs — FTy,=0

Heat load of heat exchanger

F3(T3 — Ts6) = Qu
Fy(Ty — Tz) = Q12

Feasibility Area calculation
T3 —t9T > ATnun Ou = U4 (Ta—ti"“)—(Tsf"t’i“)
Ts¢ — N > ATn: In T3t

oUT Tso—t1" )
Trs —tN > ATnin 12 2 In ( M‘:‘_)
Fj > 0,j=1,...,8 Tre="
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

O Simultaneous method

s Previous sequential method is based on the assumption that the optimal network has a min utility cost and a
min number of units for that utility cost, and a min area cost for that number of units

— capital cost and operating cost should be considered simultaneously

STAGE 1 STAGE 2
H1-C1

H2

—Vl‘—

_7|‘_

Purdue University

Assumptions:

 isothermal mixing

* no split stream flowing through more than one exchanger
 utilities at the end of the superstructure

* no stream bypass

Nonconvex MINLP model:

* Only objective function is nonlinear and nonconvex

« All constraints are linear

* Much less temperature variables; no nonlinear constraints for
mixing; no need to define split stream flowrate




=) PURDUE

UNIVERSITY.

N
Davidson School of p b
Chemical Engineering 4

Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

O Simultaneous method

H2-CU

>«
|

I

STAGE 1 STAGE 2
| H1-C1 | H1-C1 |
| | |
== _% | e
| « 1 ! L |
L T '
| | |
| — % - = ﬂz -
cTHy : H1-C2 : H1-C2 :
—{ EH_|_ — < |— - |- C1
| | |
| | |
— | < C2
C2HU | H2-C1 I H2-C1 I
| | |
| | |
| | |
| | |
| | |
| | |
| | |
| | |

Overall heat balance

Z Z Qijic + Qeui = F(T™ = TP™),i € HP

k€EST jECP

Z Z Qijic + qnuj = F (T —T/"),j € CP

keST ieHP

Heat balance at each temperature stage

Z Qiji = Fi(tix — tigs+1),1 € HP,k € ST

jecp
Z qiji = Fi(tjx — tjxs1),j € CP,k € ST
IEHP
Assignment of Inlet temperature Energy balance for utility load
tiy = T{",i € HP Qeui = Fi(ti,NT+1 - Tiout)»i € HP
tinrs1 = Tj",j € CP anuj = F (T = tj1),j € CP

Purdue University Page 14 — Introduction
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Heat exchanger network design

> Method?2: Mathematical Programming (MP) based on optimization techniques

O Simultaneous method

Feasibility of temperature Logical constraints
STAGE 1 STAGE 2 tik+1Stik;iEHP;kEST qijk—ﬂijzijkSO,iEHP,jECP,kEST
H1-C1 H1-C1 ik+1 < tjk:j € CP,k € ST Qeui — QiZeyi < 0,0 € HP

H1-CU
‘.[ 1%- -S> tinr+1 < T, i € HP Anuj < QZpyj,Jj € CP
—_

tiy =T, j € CP

Calculation of temperature difference

o dtije <ty — tie + I;j(1 — 25 ),i € HP,j € CP,k € ST

dtijrsr < tiksr — Gxsr + 1;j(1 — z;j ), i € HP,j € CP,k € ST

Calculation of HEX area

g
i

I

1/3
] i€ HP,j € CP,k € ST

dtijr + dtijr+1
2

Aijk = Qijic (Rt + hj*)/LMTD;j, i € HP,j € CP,k € ST

Purdue University Page 15 — Introduction
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Motivation

> Electrified heat exchanger network is required

9 H Electric Power

Exchanger

HP (»)

Hot Stream »
<€ 5 2 ; A CP

Heater Cold Stream

Y

Compressor

> é
Heat Integrated Heating H A
Thermal Energy Storage
I ¥ . Evaporator Condenser

Sensible Heat Latent Heat ThermoChemical
) h NN i (‘:ﬁ
g v i ‘ ) g (\ ‘ g ’! The GOAL is to discern the optimal design and operation
2 ‘ J -------- & 3)2% A % of heat exchanger network (HEN), utility system, electrified

"""""""" X L ’ 4 heat pump (EHP), and thermal energy storage (TES)

Temperature Temperature Temperature
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Electrified Heat Exchanger Network

> A superstructure of the electrified heat exchanger network

=) PURDUE
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N HU 3 > vaporator
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Electrified Heat Exchanger Network

» Optimization model is developed by extending the simultaneous model

U Proposed optimization model

Min TAC = utility cost ([mv][c])

+ heat exchanger cost (OO OG
+ heat pump cost (mainly () ) + storage cost ( )

) —— Overall heat balance

Heat balance at each temperature stage

t

dt :

q Assignment of Inlet and outlet temperature
z >

s.t. Bl[]+Bz A |-b<o >
Y h Feasibility of temperature
v
W comp] Logical constraints

Egs. = heat exchanger area calculation

. — Calculation of temperature difference
Egs. = heat load of heat pump components calculation P

(heat-pump capital cost is a function of W,pp...)

Purdue University
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Electrified Heat Exchanger Network

> Optimization model is developed by extending the simultaneous model

0 Heat pump model 0 TES model
Thermal Energy Storage
| 1 I |
Sensible Heat Latent Heat ThermoChemical
A A A e
R 1
R I N I s
» ‘ """" ? %‘% J : :
....................... y
‘ Temperature ’ ‘ Temperature . = Temperature g
Approximation of enthalpy (linearization)  Calculation of heat load Calculation of TES temperature change
hg}fép = fg(Tg) hg%ap = hgcl)trtld Qevap = FYI (hggép - hé%ap) My (Tp41 = Tp) = 7p (Qin - Q")
érczmd — fg (T.) hg(l)trtld = f1(T.) Qeond = Fwr (hérclmd _ hggrtld) Additional constraint
Calculation of electric power Tp=1 = Tp=ena
, max
weteen = FYf (hpng — hbip) =T

Purdue University Page 19 — Research Progress
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Electrified Heat Exchanger Network

» MILP approximation to quarantee global optimum

O Outer Approximation
QO Solution strategy (Nonconvex MINLP> — RecLMTD (convex)

O McCormick Convex Hull

(partitioning scheme)
MILP Approximation — bilinear terms
Solve model

(Area, heat load of heat
pump components)

Generate tighten constraints

Original MINLP is
infeasible

A

NO

Solution
within Tol?

Gptimal solution f0und>

Purdue University




<
~

Davidson School of
Chemical Engineering

UNIVERSITY.

=) PURDUE

Its

iminary resu

Prel

» Case 1: only conventional utility is available; Case 2: electrified heat pump is available
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Preliminary results

> Economic comparison of the two case studies

m Conventional

Heat Pump HEX
Stream_HEX
Utility HEX

m Electrified

v Hot utility consumption can be reduced by about 47%

v" TAC can be reduced by about 32%
Compressor Cost

Utility Cost

Total Annual Cost

0.E+00 S.E+05 1.E+06 2.E+06 2.E+06 3.E+06
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Next steps

> A different MILP formulation through temperature discretization

Hot stream Cold stream
temperature temperature Calculation of heat load
grid grid
s K1 ~JArmin e H ~H ~H\H grid o H
7H Tio Hs,k = (Tk—l - Tk )Fs,k = AT Ps,k
k1 k1
. k2 TS
o LR DI > o
~H k3 . TS, Sk_ skS/ ko SkS/ s,k,s7,kr
T3 k3 R k'>k s'#s k'>k
FH k¢ T o o
k4 k4 =
~ k5 'f-C ﬁXS,k,S/ S sts, S Y (Tk 1 Tk ) s,k,s7
H k4 Ky
e : kS e H H SH EH
' . T — ) _ )
T,l'l AT™MIin — TC : ks XsHks VSS;(HS VSI::,':ISI s,k,sr T “rs,k—1,s/ + s,k,sr Vvs,k—l,S/
Assignment of temperature Assignment of flowrate . , . k1
IN H~+ H T
Z (Y, Tk ) E=F;+E, 1| 1 | - e k2
kexk
H H 1 : 1 \ k3
OUT _ OUT,HA4 F,<aZ N
T (Ys k Tk ) \\\‘ké
kek ~ ) B )
H IN,H H OUT,H Lk S a1 = Z?k \
Zs,k - Ys k-1 + Zs,k—l - Ys,k—l ) ) ) k5

Purdue University Page 23 — Research Progress
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Next steps

> A different MILP formulation through temperature discretization

Stream splitting

H H
s,k,sr < Xs,k,S/
~SP,H H ~tot H
Psk_FkS/+Fk5/ Fsyk+F5;k _Z
S/
s k s/ — aSX Jk,ss
H ~SP,H
YWeeo < Er,, <a(l =X, ks, + W, kS/)

Flowrate change due to start/end of heat exchanger

IH ~EH
FS,’C,S/ - Fs k—1,ss + F k Y, Fs,k—l,SI
~S H S,H s,k2,s
Ps,k,S/ < asvs,k,S/

~E H E,H EH
P Jk,s7 < a V Jk,s7 Vs kas’

k1

k2

E,C
Vs’ k2,s

k3

k4

S,C
V ! k4,5

k5

Purdue University Page 24 — Research Progress

Heat duty of heat exchanger

—~ H ~ D,H
sts,_ 5k5/(Tk 1 Tk)_ sksz
sts,—a( kS/+Vk5/)
Feasibility of temperature

SH
sksz(Tk l_Tk)<Qk5+8(2_ s,k,s7

Calculation of area

s k )57 k/(hs k + hS/ k/)

AS,S/ = Z
kek! ek hs,khS/ k/ATk ks
EX SH __ E,H
1\75,51 - Z Vs,k,S/ - Z ‘/S,k,S/
kek' kek!

— Vb

s/,

C
k,s

)
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Next steps

> A different MILP formulation through temperature discretization

Isothermal mixing Nonisothermal mixing 1620
208~ 362.2 R 268.9
t t H tot H 1362.2
. (1 - 5 k, sr) (1 - s k Y + V Jk, S/) s1 (H’ 22) 440 1.2 \:/ 9©1'2 363 Q 350

s2 (C,20) 430 < O : — 349
LH k1 140.9 /:_ —————————— '
Foes s3 (C,7.5) 368 HO—3228 (%320
, Fika,sy 6.5 ===~ w0353
- k2 E&?z,sz Lo
1
il LH Fs 2,53
Fs,k+1,. " Fs,'k 1,5’ k3
v v L F;, =208 Tlout = 362.18
H ~tot, H
F + E stkS/ / Fy=22
s’ . >
— n __
Q Inclusion of: F, =1.18 ‘ Ts" = 362.22
1. Utility = stream with variable flowrate T out | 363
2. Heat pump system — streams with variable flowrate and temperature 2
3. Multiperiod operation — previous formulation or Q; ; x x’ » 1/
364 363 362

Purdue University Page 25 — Research Progress
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