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Heat transfer restriction

Sub-system
1

Sub-system
2

Sub-system
3

Heat transfer system (HTS)

No direct heat exchange possible
Direct heat exchange possible

Common
units (CU)

Heat transfer
 units (HTU)

Energy Support
Electricity Fuel Water Air Inert Gas

Heat losses Solids Water Gas
Waste

Raw
materials

Energy
services
Products
Byproducts

1
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Modifying the heat cascade model

• Modification of 
the heat cascade

• Heat transfer 
constraints ? 

Fobj = min(d · (
nf�

f=1

(c+
f

nu�

u=1

fuĖ+
f,u) + c+

elĖ
+
el � c�elĖ

�
el +

nu�

u=1

fucu))

nu�

u=1

fuĖ+
el,u + Ė+

el �
nu�

u=1

fuĖ�el,u ⇥ 0

nu�

u=1

fuĖ+
el,u + Ė+

el � Ė�
el �

nu�

u=1

fuĖ�el,u = 0

Ė+
el � 0 Ė�

el � 0

nsh,k�

hk=1

fuQ̇h,k,u �
nsc,k�

ck=1

fuQ̇c,k,u + Ṙk+1 � Ṙk = 0 ⇥k = 1..., nk

Ṙ1 = 0 Ṙnk+1 = 0 Ṙk � 0 ⇥k = 2..., nk

yu · fmin
u ⇥ fu ⇥ yu · fmax

u

Objective function

Heat cascade

Electricity consumption / production

Multiplication factors
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Heat cascade modifications

Sub-system A
in interval k

Heat of hot streams
 of sub-system A

Heat of cold streams
 of sub-system A

Cascaded heat from
higher interval k+1

Cascaded heat to
lower interval k

Heat supplied to sub-system A
from the heat transfer system 

Heat removed from sub-system
A to the heat transfer system 

Sub-system B
in interval k

Heat of hot streams
 of sub-system B

Heat of cold streams
 of sub-system B

Cascaded heat to
lower interval k

Heat supplied to sub-system B
from the heat transfer system 

Heat removed from sub-system
B to the heat transfer system 

Cascaded heat from
higher interval k+1

Heat of hot streams
of heat transfer system

Heat of cold streams
of heat transfer system

Heat transfer 
system 

in interval k

Cascaded heat from
higher interval k+1

Cascaded heat to
lower interval k

nsc,s=A,k∑

cs=A,k=1

fuQ̇c,s=A,k,u

Ṙs=A,k+1

Q̇−
hts,s=A,k

Q̇+
hts,s=A,k

nsh,s=A,k∑

hs=A,k=1

fuQ̇h,s=A,k,u

Ṙs=A,k

Q̇+
hts,s=B,k

Ṙs=B,k+1

Ṙs=B,k

Q̇−
hts,s=B,k

nsh,s=B,k∑

hs=B,k=1

fuQ̇h,s=B,k,u

nsc,s=B,k∑

cs=B,k=1

fuQ̇c,s=B,k,u

Ṙhts,k+1

Ṙhts,k

nsh,hts,k∑

hhts,k=1

fuQ̇h,hts,k,u

nsc,hts,k∑

chts,k=1

fuQ̇c,hts,k,u

MILP model => minimize the penalty of the constraints
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Process

Utility without 
restrictions

boiler
without constraints

cooling water
without
constraints

Energy penalty due to restricted matches

Hot utility 6014 kW

Cold utility 1651 kW

Without constraints

Hot utility 9868 kW

Cold utility 5505 kW

Penalty 3854 kW

With constraints
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Process
Utility with 
restrictions
Utility without 
restrictions

boiler

cooling water

penalty

boiler
without constraints

cooling water
without
constraints

Do you accept the penalty ?
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Reduce the penalty of the constraints

Introduce heat transfer fluid

H

C

T

Q

2 Heat exchangers

Higher DTmin

Flexibility

Temperature levels ?
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Intermediate heat transfer units - envelope curves

Sub-system A
in interval k

Heat of hot streams
 of sub-system A

Heat of cold streams
 of sub-system A

Cascaded heat from
higher interval k+1

Cascaded heat to
lower interval k

Heat supplied to sub-system A
from the heat transfer system 

Heat removed from sub-system
A to the heat transfer system 

Sub-system B
in interval k

Heat of hot streams
 of sub-system B

Heat of cold streams
 of sub-system B

Cascaded heat to
lower interval k

Heat supplied to sub-system B
from the heat transfer system 

Heat removed from sub-system
B to the heat transfer system 

Cascaded heat from
higher interval k+1

Heat of hot streams
of heat transfer system

Heat of cold streams
of heat transfer system

Heat transfer 
system 

in interval k

Cascaded heat from
higher interval k+1

Cascaded heat to
lower interval k
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Fictive hot stream in interval k 

Fictive cold stream in interval k 

Q̇h,env,k

Q̇c,env,k

mailto:francois.marechal@epfl.ch


fr
an

co
is

.m
ar

ec
ha

l@
ep

fl
.c

h 
©
La

bo
ra

to
ry

 f
or

 In
du

st
ri

al
 E

ne
rg

y 
Sy

st
em

s 
- 

LE
N

I I
SE

-S
TI

-E
PF

L 
– 

M
ar

sh
 2

00
6

IPESE
Industrial Process and 

Energy Systems Engineering

Envelope composite for heat transfer fluid selection
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Hot envelope
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Integration of intermediate heat transfer units

−3000 −2000 −1000 0 1000 2000 3000 4000 5000
−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Heat Load [kW]

C
ar

no
t F

ac
to

r 1
−T

a/
T[

−]

 

 

Process
Utility

Steam utilization  2 bar

Steam utilization  7 bar

Steam production 80 bar

Boiler

Intermediate
hot water loop

Heat transfer constraints

•Heat recovery

•Heat transfer fluid flows

•Cogeneration


•Steam network

•Heat pumps as a heat 
transfer fluid


 
Heat transfer constraints


•LP formulation

•Easier HEN design

•Multi-level constraints
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Optimising the heat transfer fluid conditions 

Multi
Objective

Optimization

Parameters of the problem
 to be optimized

Master problem

PROCESS Utilities, CUs, 
HTUs

Thermodynamic 
calculations

Slave problem

Objective: min operating costs

ENERGY
INTEGRATION

Utilization rates of the utility (mult)
according to process requierements

Objective Functions Computation

Intermediate results 

Decisision Variables
- temperature levels of heat transfer 
units

Generation of new values for
the set of decision variables

Minimize
operating costs =

f(mult)

Minimize
investment costs 

(total heat exchange area) 

Performance evaluation
of the objective functions

InvC = Nmin � InvCref � (Amean/Aref )�

OpC = Fobj = min(c+
f

nu�

u=1

fuĖ+
f,u + c+

el

nu�

u=1

fuĖ+
el,u � c�el

nu�

u=1

fuĖ�el,u)
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Pareto front & Results

Investement cost [kEuro]

O
pe

ra
tin

g 
C

os
ts

 [E
U

R
/y

ea
r]

4’235.2 4’235.4 4’235.6 4’235.8 4’236.0 4’236.2 4’236.4 4’236.6

2’180’208

2’180’210

2’180’212

2’180’214

2’180’216

2’180’218

2’180’220 point 1

point 2

point 3

point 4

Point OpC [Euro] InvC [kEuro] Tlow [C] Tup [C]
1 2 180 218 4,2353 49.3 69.5
2 2 180 214 4,2356 46.3 73.4
3 2 180 210 4,2361 40.0 78.0
4 2 180 207 4,2362 25.4 81.6
man 2 180 207 4,2363 25.0 80.0
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Results

Unit No With Constraints and
constraints constraints heat transfer system

Operating Costs [kEuro] 2353.6 3844.8 2180.2
Fuel consumption [kW] 6073 9920 8026
Cooling water [kW] 1668 5516 1602
Electricity [kW] 2019
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‣ Any question ?
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