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Heat recovery


Optimal DTmin value 

at the process level


 Prof.  François Maréchal
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Conclusions of last lecture

• DTmin is calculated for one typical heat exchanger

– trade off investment /energy savings in a given economical context


• Hot and cold streams for the overall system

– Composite curves


• From the DTmin assumptions

– Maximum heat recovery

– Minimum hot&cold utility

– Energy savings quantification


• Algorithm for calculating maximum heat recovery

– Problem table

– Corrected temperature

– Heat cascade


• Pinch point => topologic locator

– Penalizing heat exchangers

– 3 independent zones


• More-in - More-out principle
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The assumption of the DTmin in the maximum heat recovery target

• What about the energy-capital trade-off ?

– Cost of Energy [CHF/year]


• Hot Utility : 



• Cold Utility :



• Refrigeration :



– Investment : [CHF/year]




– ? ΔTmin ?

[CHF/year] : ·QMERHU
(ΔTmin)[kW ] ⋅ cHU[CHF/kWh] ⋅ top[h /year]

[CHF/year] : ·QMERCU
(ΔTmin)[kW ] ⋅ cCU[CHF/kWh] ⋅ top[h /year]

[CHF/year] : ·QMERRU
(ΔTmin)[kW ] ⋅ cRU[CHF/kWh] ⋅ top[h /year]

[CHF/year] :
1
τ

[1/year] ⋅
nhtx

∑
e=1

(I(Ae(ΔTmin))[CHF])
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Estimating heat exchanger network cost

Th,i

Tc,i

Th,i-1

Tc,i-1

T

Q

Qi

i

T

Vertical 

exchange section i

Ah,ci =
(Qh,c)i

(Uh,c)i ⇤ �(Tlm)i
=

✓
1

hi,h
+

1
hi,c

◆
⇤ Qi

�(Tlm)i

(�Tlm)i =
(Th,i � Tc,i)� (Th,i�1 � Tc,i�1)

ln( Thi
�Tc,i

Th,i�1�Tc,i�1
)

With

With one hot (h) and one cold (c) stream in section i

Define vertical sections with constant cp

The hot and cold composites are considered as an overall hot stream to be cooled down and a cold stream to be heated up. The heat recovery is therefore considered 
as a counter current heat exchanger made of fluids with linear segments (constant cp is the condition to apply the logarithmic mean formula). The linear segments 
define zones with constant cp (by defining vertical lines). In each vertical section, the log mean temperature difference can be calculated.
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Th,i

Tc,i

Th,i-1

Tc,i-1

T

Q

Qi

Vertical section with several streams

Vertical 

exchange

(�Tlm)i =
(Th,i � Tc,i)� (Th,i�1 � Tc,i�1)

ln( Thi
�Tc,i

Th,i�1�Tc,i�1
)

With

Ai =
1

(�Tlm)i
⇤ (

(nstreams)iX

j=1

⇤
 
Q̇i,j

hi,j

!
)

when several streams are in the same vertical section, they see the log mean temperature difference. The area is therefore a sum of 
the contributions of each of the streams in the vertical section. The sum concern the ratio heat load over film heat transfer coefficient 
of the corresponding stream j in section i.

·Qi, j

 is the total heat exchange area in the vertical section iAi

Logarithmic mean temperature difference of the vertical section i
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Total heat exchange area

Atotal =
nvertical exchanges�

i=1

Ai

Atotal =

nvertical exchangesX

i=1

1

(�Tlm)i
⇤

0

@
(nstreams)iX

j=1

(
Q̇i,j

hi,j
)

1

A



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

Total investment

Atotal =
nvertical exchanges�

i=1

Ai

What is the cost of the heat exchangers ? => we need the number 
of heat exchangers and we need the area of the heat exchangers, 
if possible before calculating the heat exchanger network.

[CHF/year] :
1
τ

[1/year] ⋅
nhtx

∑
e=1

(I(Ae(ΔTmin))[CHF])
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What is the number of heat exchangers ?

Example : calculation of a heat recovery heat exchanger
network

August 18, 2010

Abstract
This is a simple example used to illustrate the application of the problem table method

that allows one to calculate the minimum energy requirement of a process and the pinch
design method that allows one to calculate one of the possible heat exchangers network
that realizes the maximum heat recovery in the system.

1 Problem statement
Let us consider the example of the 4 streams described in table 1.

Tin Tout Ṁcp Q̇ �
[C] [C] [kW/C] [kW] [kW/C/m2]

A 20 130 -1.5 -165.0 0.5
B 80 140 -4.0 -240.0 0.5
C 160 60 +2.5 250.0 0.5
D 150 50 +2.0 200.0 0.5

Table 1: Streams definition

The following economical data will be used to calculate the optimal value of the �Tmin and
the economical performances of the heat recovery project.

Operating conditions

• Cooling water can be used to cool down process streams to 20�C

• Process operating time 2000h/year

• Process fluid is assimilated to liquid water with a heat tranfer coe�cient of 500 W/C/m2

• Investment equation: Purchased cost ref year (2000) Cp,ref = 800(A)0.7[CHF ]

Operating costs

• Natural gas: 0.05 CHF/kWh

• Water: 0.01 CHF/ m3

• Electricity: 0.15 CHF/kWhe

Useful values

1



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

Minimum number of units

Number 
of 

streams

Number 
of 

Utilities

Number

of 

Exchangers
= +

Hot 
utility

20 kW

Stream C

250 kW

Stream D

200 kW

Stream A

165 kW

Stream B

240 kW

Cold 
utility

65 kW

3 Sources : hot streams

3 Sinks : Cold streams

1

20 kW

2

145 kW 3


105 kW

4

135 kW

5

65 kW

TOTAL = 470 KW

TOTAL = 470 KW

5 =    4 + 2   -1

from the graph theory

This is by applying the graph Theory from Leonhard Euler (1707-1783).
When the overall system is balanced, there is at least one independent sub-system

Number of 
independent 

system
-
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2 sub-systems

140°C

80°C

130°C 160°C 150°C

4 kW/°C 1.5 kW/°C 2.5 kW/°C 2 kW/°C

80°C
90°C 90°C

20°C 60°C 50°C

240 kW 75 kW 175 kW 120 kW

90 kW 75 kW 80 kW

B A C D

No heat exchange across the pinch point

20 kW

Hot utility

65 kW

cold utility

Sub-system above the pinch point : 
no cold utility

Sub-system below the pinch point
No hot utility
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Minimum number of units : effect of pinch point

Number 
of 

streams

Number 
of 

Utilities

Number of 
independent 

system

Number

of 

Exchangers
= + -

Hot utility

20 kW

Stream D

120 kW

Stream C

175 kW

Stream B

240 kW

Stream A

75 kW

Sources

Sinks

1

20 kW

2

175 kW

4

75 kW

Above the pinch point : independent sub-system

1

3

45 kW

4 =    4 + 1   -1
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Minimum number of units : effect of pinch point

Number 
of 

streams

Number 
of 

Utilities

Number of 
independent 

system

Number

of 

Exchangers
= + -

Stream D

80 kW

Stream C

75 kW

Stream A

90 kW

Cold utility

65 kW

2 Sources : Hot streams

2 Sinks : cold streams

1

75 kW

2

15 kW

3

65 kW

Below the pinch point : independent sub-system

3 =    3 + 1   -1
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Above the pinch

Overall system

Below the pinch

3 = 3 + 1   -1

4 = 4 + 1   -1

7 =4+2-1+(3 -1)
A,B,C,D Hot,Cold A,C,D

Overall balance Balance above
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Minimum number of units

Number of streams above 
the pinch point

Number of streams below 
the pinch point

Total number of streams, 
including the utilities

Number of streams crossing 
the pinch point

Pinch point = two independent sub-systems

€ 

Umin,MER = (Nabove −1− Sabove) + (Nbelow −1− Sbelow )

Number of Independent sub-
systems below the pinch point

Number of Independent sub-
systems above the pinch point

€ 

Umin,MER = (Ntotal + Nutility −1) + (Npinch −1) − (Sabove + Sbelow )
Number of Independent sub-
systems below and above the 
pinch point
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Estimating the investments

Cost of 1 heat exchanger 


I(A) = a + b ( A )
c 0,6 - 0,8

Heat exchange area

€ 

A =

Ai
i
∑

Umin,mer
= j=1

nbstreamsi
∑

˙ Q i
h j,i * (ΔTln)ii=1

nbT int er
∑

(Ntotal + Nutility −1) + (N pinch −1) − (Sabove + Sbelow )

we assume an equal repartition of the total area between the minimum number of heat exchangers 

nhtx

∑
e=1

(a + b(Ae(ΔTmin))c)[CHF]) ≃ Umin,MER ⋅ (a + b(
Atot

Umin,MER
)c)[CHF]
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Cost estimation : over estimation

Figure 13: Capital cost overestimation C*

6.4 Optimal �Tmin value

Having an estimation of the investment and the energy cost, it is possible to calculate the
evolution of the total cost (Ct(�Tmin) defined by eq. 21 as a function of the �Tmin value.
Graphically, this corresponds to moving horizontally the cold composite curve while keeping the
hot composite curve unchanged (figure 14).

Ct(�Tmin) = (
i(1 + i)nyex

1 + i)(nyex � 1
)I⇥HEN (�Tmin)+

�
c+Q̇+(�Tmin) + c�Q̇�(�Tmin))

⇥
timeyear

(21)

T(°K)

Q(kW)

�Tmin1

�Tmin2

Q̇+
1

Q̇+
2

Q̇(kW )

A
n

n
u

al
 C

o
st

Operating cost

Investment

Total

T

Q

T

Q

Change of the number of exchangers

�Tmin

Figure 14: Total Cost (Ct(�Tmin)), annual operating cost (CU(�Tmin)) and annual investment
cost (CI(�Tmin)) as a function of �Tmin

21

by assuming an equal repartition of the area over all the heat exchangers, we will overestimate the heat exchangers total cost.



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

Influence of ∆Tmin

∆Tmin 1 < ∆Tmin 2
- Q1 < Q2 -> Operating costs

- ≠ pinch points-> ≠ number of units & ≠ streams at the pinch point

- A1 > A2 -> Investments

T(°K)

Q(kW)

�Tmin1

�Tmin2

Q̇+
1

Q̇+
2

Q̇(kW )

Changing the value of the ∆Tmin we may change the position of the pinch point. Some heat exchange might become 
impossible for for a bigger temperature difference. When the pinch point is changing the number of streams crossing the 
pinch is going to change and therefore the number of heat exchangers. At the same time the total area is changing but 
can be distributed over more or less heat exchangers. 
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Variation of the ∆Tmin value

T(°K)

Q(kW)

�Tmin1

�Tmin2

Q̇+
1

Q̇+
2

Q̇(kW )

A
n
n
u
al

 C
o
st

Operating cost

Investment

Total

T

Q

T

Q

Change of the number of exchangers

�Tmin

Therefore both the heat recovery and the capital cost curves will have discontinuities or jumps.
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Influence of ∆Tmin

T(°K)

Q(kW)

Q̇+
1

Q̇+
2

Q̇(kW )

This heat exchanger becomes feasible
Cost of the heat exchanger
Energy Saving Benefit
Energy-capital Trade-off

Exchanger profitable ? 

remove the streams from the list do not change the DTmin
Yes No

with fluid with phase change (i.e. heat exchange with constant temperature). Changing the value of the ∆Tmin will make the heat 
exchange possible or not. In this case, the heat exchange is well defined and its cost can be calculated. This area and the 
corresponding cost can therefore be compared with the corresponding saving to conclude on the feasibility of the heat recovery 
identified.
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Fluid dependent ∆Tmin value 

The ∆Tmin is related to the type of fluids

Heat exchange: 
 Temperature 

difference

If A and Q are constant

If U increases : ∆T decreases

If U decreases : ∆T increases


=> ∆Tmin is related to the streams involved

	 -> to the film heat transfer coefficient

∆T ≥ ∆Tmin/2,h + ∆Tmin/2,c

Q̇ex = UexAex�Tlm

1
Uex

=
1

�cold
+

e

⇥
+

1
�hot

As the heat exchange area depends on the heat transfer film coefficient, it makes sense to consider different values 
of the ∆Tmin when streams have different heat film transfer coefficient.
SO one can associate a contribution to the ∆Tmin that is associated to each stream.
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Convective heat transfer coefficient

Remaining  parameter => 1 DOF

hj
1

2

3

4

5

6

7

8

9

10

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

1/sqrt(x)

DTmin/2,j

c is the cost exponent in the heat exchanger cost 
estimation formula

Table 1: Typical values for the �Tmin/2 as a function of the heat transfer film coe⇧cient
Type Heat transfer coe⇧cient �Tmin/2

W/m2/C
Gas stream 60 15
Liquid stream 560 5
Condensing stream 1600 3
Vaporizing stream 3600 2

Heuristic rule (eq. 24) can be used to estimate the value of �Tmin/2 of one stream when
knowing its heat transfer film coe⇧cient.

�Tmin/2j = K
1

(�j)bex
(24)

Varying the K coe⇧cient will allow one to compute the Energy - Capital trade-o⇥.
Values in table 1 refer to the calculation of the typical heat transfer coe⇧cients.

7 Summary of the targeting method

The former sections defines method for targeting the MER of a process, identifying the possible
heat recovery between the hot and cold streams based on an optimal value of the �Tmin and
defining the temperature conditions and the flows in the utility system. By comparing with the
present energy consumption in the process, this methods gives a holistic vision of the possible
energy savings by heat exchange and allows one to identify the faulty heat exchangers in the
system. The method is summarised as follows :

Step 1: Composite curves and pinch point location Assuming �Tmin/2j
values for the process streams, the calculation of the composite curves de-
fines the pinch point location, the maximum heat recovery between the hot
and the cold streams of the process and its Minimum Energy Requirements
(MER).

Step 2: Optimization of the �Tmin/2 contributions An estimation of the
capital cost based on heat transfer film coe⇧cient is used to analyse the
influence of the �Tmin/2 values.

Step 3: Utility and thermodynamic cycles selection The resulting Grand
composite curve of the process is used to define the utility streams to be con-
sidered to supply the MER. The flowrates of the utility streams are defined
in order to maximise the use of the cheapest utility streams by activating
utility pinch point.

Step 4 : Up date the value of the �Tmin/2 considering the utility streams
An analysis of the influence of the �Tmin/2 values should be done to con-
firm its optimal value. In this analysis, it should be reminded that the
temperature conditions of the utility streams in fact depends on the values
of the �Tmin/2 which makes the problem more complex.

At the end of the targeting phase, we obtain the following results.

20

DTmin as a function of heat transfer

�Tmin/2j = K�Tmin · (Qj

hj
)

c
c+1

Liquid State : 2 ·K�Tmin

Fluid phase change :1 ·K�Tmin

Gas State :5 ·K�Tmin

In reality, not only the film transfer coefficient defines the area but also the heat load (smaller heat exchangers would have higher 
specific cost (CHF/m2) due to the heat load. Therefore the ∆Tmin/2 contribution can be associated to the ratio heat per heat transfer 
coefficient. The exponent comes from the optimum value considering the trade-off between capital and savings.
Note that there is still one unknown (K∆Tmin) that will be used to calculate the overall ∆Tmin value. 
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Streams dependent ∆Tmin

T �
h = Th ��Tmin/2h ⇤h ⇥ {hot streams}

T �
c = Tc + �Tmin/2c ⇤c ⇥ {cold streams}

min
Rr

Q̇+ = Rnr+1 (8)

subject to heat balance of the temperature intervals :

Rr =Rr+1

+
�

hr⇤{hot streams in interval r}

Ṁhrcphr
(T ⇥r+1 � T ⇥r )

�
�

cr⇤{cold streams in interval r}

Ṁcrcpcr
(T ⇥r+1 � T ⇥r )

⇤r = 1, ..., nr (9)

and the heat cascade feasibility

Rr ⇥ 0 ⇤r = 1, ..., nr + 1 (10)
With this definition, the value of the heat cascaded from the highest temperature (Rnr+1) repre-
sents the minimum energy requirement (MER) of the process (Q̇+). It is assumed to be supplied
to the process with a hot utility stream with a temperature higher than T ⇥nr+1 + �T min

2 . By heat
balance, Q̇� = R1 represents the heat to be removed from the process by a cold utility with an
expected temperature lower than T ⇥1 � �T min

2 .
The corrected temperature T ⇥rmin

corresponding to the inequality constraint Rrmin = 0 is
the pinch point temperature, it corresponds to a real temperature of T ⇥rmin

+ �T min
2 for the hot

streams and T ⇥rmin
� �T min

2 for the cold streams. When rmin = 1 or rmin = nr +1 the problem is
said to be a threshold problem with respectively no cold utility or hot utility and without pinch
point.

3.4 The problem table method

The problem table method is an algorithm proposed by Linnho� to solve the heat cascade
problem.

10

With the new definition of the corrected temperatures, the calculation of the heat cascade and the pinch point location remains 
identical.
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DTmin sensitivity
A
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l C
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Operating cost

Investment

Total

T

Q

T

Q

Change of the number of exchangers

KΔTmin
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∆Tmin value analysis

Cost estimation of the system

Operation : Energy cost by heat cascade

Investments :

	- minimum number of units

	- estimated area

	- equal repartition

Total cost = Operating +1/τ* investments

-> Pinch point changes

Streams concerned

New connections


-> Optimal value

has to be between the two pinch points that frame 

the optimal value 

8K�Tmin 2 {Kmin
�Tmin..K

max
�Tmin by �}

By changing the value of the K∆Tmin it is possible to calculate what is the best value of the ∆Tmin/2j
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Conclusions

• Estimating the cost of heat exchange system

– Vertical heat exchanges => overall area


• Adapted for different heat transfer coefficient


– Graph theory => minimum number of units

• Pinch point divides system in sub-systems


– Equi-repartition of area

• overestimation of the investment cost


• DTmin optimisation

– Stream dependent DTmin/2

– Best pinch point location


• Starting point for

– Heat exchanger network design

– Heat exchanger network debugging
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• pinch design method


