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✓Heat recovery potential 

✓  : minimum approach temperature for heat recovery 
✓Heat recovery by composite curves 

✓Energy conversion to close the energy balance 
✓Choose the resource 
✓Conversion technologies 
✓Heat supply & distribution 
✓Cogeneration 
✓Heat pumping 
✓Refrigeration 

‣ Changing the process conditions 
‣ Plus-Minus + Heat pumping 

▪ Exergy analysis of the energy conversion system
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Where are we ? 2



Process system boundaries 3
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Penalizing heat exchangers 8
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Mixers may be penalising heat exchangers 9



▪ Pinch are always created by inlet conditions of a stream (or a change of 
slope, when the H-T profile is not linear)

Who is creating a pinch point ? 10

At this stage, it is worth to note that the pinch point is always created by the inlet conditions
of a stream. It can be the inlet of a stream or of the segments created if a fluid phase change
occurs.

(a) Hot streams (b) Cold streams

Figure 3: The pinch is introduced by the inlet temperature

Referring to the onion diagram, changing the temperature level of a requirement is typically
obtained by changing the operating conditions of the process unit operations while keeping as a
general goal the efficiency of the conversion of raw materials to products and as constraints the
final products to be delivered by the process. Among the important streams to be considered,
the heat of reactions typically introduce near vertical lines in the composite curves, when an
exothermic reaction occurs below the pinch temperature or an endothermic reaction occurs above
the pinch temperature, one could imagine to modify the operating pressure or temperature or
even change the reactor type, i.e. change from an adiabatic reactor to a heat transfer type
reactor. Another option would be to realise the reaction in several steps in order to maintain
the temperature as low as possible (if possible below the pinch point) for endothermic reactions
and as high as possible (if possible above the pinch point) for exothermic reactions. This is for
example what is realised when adding a pre-reformer in a steam methane reforming process for
hydrogen production. In such process, the pinch temperature is the high temperature of the
reforming reaction. By realising the reformation in two steps, the heat of reaction of the pre-
reformer becomes a cold stream below the pinch temperature while reducing in the same time
the heat requirement of the remaining reforming reaction above the pinch temperature. This
can be understood as a chemical heat pump that uses heat from the heat source to reduce the
requirement in the heat sink above the pinch point temperature.

When fluid phase change occurs near the pinch point, changing the pressure of the phase
change may be used to relocate a requirement around the pinch point. Decreasing the pressure
of a fluid to be evaporated or increasing the pressure of a stream to be condensed will relocate
respectively a cold stream from above to below the pinch temperature or a hot stream from
below to above the pinch temperature. The changes (especially the pressures) obviously must
remain compatible with the process unit operations in the flowsheet.

Not only the temperature level, but also the heat cascade has to be considered in this analy-
sis.The grand composite curve of the process (Figure 5) gives useful insight in order to evaluate
the interest of modifying the operating conditions. Each modification will be efficient if it does
not create a new pinch point, otherwise part of the expected energy savings will not be realised.
Considering that the pinch point divides the system into two independent sub-systems, the ap-
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Plus - Minus principle : Increasing the heat recovery potential 11
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Figure 3: The composite curves for identifying key streams and process unit operations

of a stream. It can be the inlet of a stream or of the segments created if a fluid phase change
occurs.

Referring to the onion diagram, changing the temperature level of a requirement is typically
obtained by changing the operating conditions of the process unit operations while keeping as a
general goal the efficiency of the conversion of raw materials to products and as constraints the
final products to be delivered by the process. Among the important streams to be considered,
the heat of reactions typically introduce near vertical lines in the composite curves, when an
exothermic reaction occurs below the pinch temperature or an endothermic reaction occurs above
the pinch temperature, one could imagine to modify the operating pressure or temperature or
even change the reactor type, i.e. change from an adiabatic reactor to a heat transfer type
reactor. Another option would be to realise the reaction in several steps in order to maintain
the temperature as low as possible (if possible below the pinch point) for endothermic reactions
and as high as possible (if possible above the pinch point) for exothermic reactions. This is for
example what is realised when adding a pre-reformer in a steam methane reforming process for
hydrogen production. In such process, the pinch temperature is the high temperature of the
reforming reaction. By realising the reformation in two steps, the heat of reaction of the pre-
reformer becomes a cold stream below the pinch temperature while reducing in the same time
the heat requirement of the remaining reforming reaction above the pinch temperature. This
can be understood as a chemical heat pump that uses heat from the heat source to reduce the
requirement in the heat sink above the pinch point temperature.

When fluid phase change occurs near the pinch point, changing the pressure of the phase

7

Transfer cold streams from above to below the pinch : to allow them recover heat 
from the excess of heat in the hot streams below the pinch

Across the pinch
Transfer hot streams from below to above the pinch : to allow them supply heat to 
the cold streams above the pinch where there is a heat deficit



▪ The overall balance is not changed ! 
• Hot streams from below to above the pinch 
• Cold streams from above to below 

•   limited by the creation of a new pinth point
·Q

Grand composite analysis (Heat cascade) 12
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Figure 4: The Grand composite curves for computing the plus-minus heat load

change may be used to relocate a requirement around the pinch point. Decreasing the pressure
of a fluid to be evaporated or increasing the pressure of a stream to be condensed will relocate
respectively a cold stream from above to below the pinch temperature or a hot stream from
below to above the pinch temperature. The changes (especially the pressures) obviously must
remain compatible with the process unit operations in the flowsheet.

Not only the temperature level, but also the heat cascade has to be considered in this analy-
sis.The grand composite curve of the process (Figure 4) gives useful insight in order to evaluate
the interest of modifying the operating conditions. Each modification will be useful if it does
not create a new pinch point, otherwise part of the expected energy savings will not be realised.
Considering that the pinch point divides the system into two independent sub-systems, the ap-
plication of the ”plus-minus” principle will have the effect of adding heat to and subtracting
heat from the corresponding sub-system. The grand composite curve is the plot of the heat
cascaded as a function of the corrected temperatures defined by ((Rr, T ∗r ),∀r = 1, ..., nr + 1).
Since the heat cascade has still to be satisfied, the maximum heat (Q̇(+)) that can be subtracted
from one temperature interval (r(−)) and send back to another (r(+)) will be obtained by solving
Eq. 1. This equation is also valid for the transfer of the cold streams from above to below the
pinch point. The mechanism that is explained here is illustrated graphically in the Figure 4.

Q̇(+)
r(+) = min((min

r
(Rr),∀r = nr + 1, ..., r(+)), (min

r
(Rr),∀r = r(−), ..., 1)) (1)

In the onion diagram, the operating pressure in the separation units will be of major impor-
tance. Distillation column typically introduces two streams with nearly constant temperature
: the reboiler defines a cold stream with a higher temperature, while the condenser defines a

8
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Plus - Minus principle : possible action 1 13
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Figure 3: The composite curves for identifying key streams and process unit operations

of a stream. It can be the inlet of a stream or of the segments created if a fluid phase change
occurs.

Referring to the onion diagram, changing the temperature level of a requirement is typically
obtained by changing the operating conditions of the process unit operations while keeping as a
general goal the efficiency of the conversion of raw materials to products and as constraints the
final products to be delivered by the process. Among the important streams to be considered,
the heat of reactions typically introduce near vertical lines in the composite curves, when an
exothermic reaction occurs below the pinch temperature or an endothermic reaction occurs above
the pinch temperature, one could imagine to modify the operating pressure or temperature or
even change the reactor type, i.e. change from an adiabatic reactor to a heat transfer type
reactor. Another option would be to realise the reaction in several steps in order to maintain
the temperature as low as possible (if possible below the pinch point) for endothermic reactions
and as high as possible (if possible above the pinch point) for exothermic reactions. This is for
example what is realised when adding a pre-reformer in a steam methane reforming process for
hydrogen production. In such process, the pinch temperature is the high temperature of the
reforming reaction. By realising the reformation in two steps, the heat of reaction of the pre-
reformer becomes a cold stream below the pinch temperature while reducing in the same time
the heat requirement of the remaining reforming reaction above the pinch temperature. This
can be understood as a chemical heat pump that uses heat from the heat source to reduce the
requirement in the heat sink above the pinch point temperature.

When fluid phase change occurs near the pinch point, changing the pressure of the phase
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▪ Hierarchy in the process unit operations

Onion diagram 14
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Figure 2: The onion representation of the process for energy efficiency improvement

Resulting from the calculation of the minimum energy requirement and the assumption of the
∆Tmin, the pinch point temperature divides the heat transfer requirements in two groups: above
the pinch point temperature, the heat transfer requirements define a heat sink and an additional
amount of heat is needed to satisfy the requirements. Below the pinch point temperature,
the heat transfer requirements define a heat source that requires heat to be transferred to the
environment.

Being related to the fluid convective heat transfer coefficient, the pinch temperature is a
stream dependent value corresponding to a single value in the corrected temperatures space (see
chapter Pinch analysis for details). It will be the key driver for identifying profitable process
modifications. Modifying process unit operations will aim at relocating the heat transfer require-
ment across the pinch temperature while delivering the same function in the process. This means
to identify hot streams below the pinch point the conditions of which could change, in order to
be relocated above the pinch point (i.e. moved from a heat source to a heat sink) and to identify
cold streams above the pinch point the temperature of which could be modified to be relocated
below the pinch point in order to profit from the excess of energy available.

This is known as the ”plus-minus” principle (Figure 3):

1. Relocate hot streams from below to above the pinch point

2. Relocate cold streams from above to below the pinch point

In this analysis, the most important streams are obviously the streams that are near the pinch
point since the temperature change will require fewer modifications in the operating conditions.
At this stage, it is worth to note that the pinch point is always created by the inlet conditions

6



▪ Same unit operation : different heating and cooling profiles 
▪ Process engineering analysis of the role of heating and cooling for the 

unit operation
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Changing the process demand interface 16

Pinch

Heat sink

Heat source

Changing the process demand profile allows to change the temperature at which the heat is 
asked or made available by a process operation



Plus - Minus principle : change the heat requirement 17
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Figure 3: The composite curves for identifying key streams and process unit operations

of a stream. It can be the inlet of a stream or of the segments created if a fluid phase change
occurs.

Referring to the onion diagram, changing the temperature level of a requirement is typically
obtained by changing the operating conditions of the process unit operations while keeping as a
general goal the efficiency of the conversion of raw materials to products and as constraints the
final products to be delivered by the process. Among the important streams to be considered,
the heat of reactions typically introduce near vertical lines in the composite curves, when an
exothermic reaction occurs below the pinch temperature or an endothermic reaction occurs above
the pinch temperature, one could imagine to modify the operating pressure or temperature or
even change the reactor type, i.e. change from an adiabatic reactor to a heat transfer type
reactor. Another option would be to realise the reaction in several steps in order to maintain
the temperature as low as possible (if possible below the pinch point) for endothermic reactions
and as high as possible (if possible above the pinch point) for exothermic reactions. This is for
example what is realised when adding a pre-reformer in a steam methane reforming process for
hydrogen production. In such process, the pinch temperature is the high temperature of the
reforming reaction. By realising the reformation in two steps, the heat of reaction of the pre-
reformer becomes a cold stream below the pinch temperature while reducing in the same time
the heat requirement of the remaining reforming reaction above the pinch temperature. This
can be understood as a chemical heat pump that uses heat from the heat source to reduce the
requirement in the heat sink above the pinch point temperature.

When fluid phase change occurs near the pinch point, changing the pressure of the phase
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Transfer cold streams from above to below the pinch : to allow them 
recover heat from the excess of heat in the hot streams below the pinch

Transfer hot streams from below to above the pinch : to allow them 
supply heat to the cold streams above the pinch where there is a heat 
deficit



Changing the operating conditions 18
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▪ Increase pressure of column 1 using a pump 
▪ verify column hydrodynamics

Example : two columns integration : pressure change 19
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Figure 5: Modifying column pressure in a sequence of two distillation columns (the pressure of
column 1 is increased)
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* The heat of condensation in the 
condenser is higher when pressure is 
increased
* Choose the pressure so that the 
condenser 1 temperature is higher then 
the boiler 2 temperature



▪ Modify the process units heat transfer interface 
▪ Modify the process units operating conditions 

• to increase the heat recovery potential 
• e.g. change the operating pressure of a unit 

▪ Externally change the temperature of the requirement 
• Heat pumping/ expansion

Modifying the process integration opportunities 20



▪ Multi effect evaporators are used to 
• Concentrate liquid streams 
• are large steam consumers 
• food and pulp and paper industry 

Example 2 : the multi-effect evaporator 21



From the actual model of evaporators… 22



▪ Understanding the unit operation

Single effect modeling 23

Evaporation

Condensation
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…to the simplified model of evaporators 24

The evaporated water 
leaving each effect is cooled 
down to ambient temperature

Amount of heat recovered

Preheating is possible between effects

Evaporation heat load is at 
constant temperature



▪ Multi-effect system for one concentration

Actual process requirement 25

14 405 kW
17 843 kW



Applying plus-minus principles 26

Note that the effect is limited by the activation of an other pinch point



Comparison of energy saving scenarios 27

Scenario 0 Scenario 1 Scenario 2 Scenario 3

Pinch point (corr temp) (K) 359 354 344 378

Hot utility requirement (kW) 14 405 14 164 12 360 10 996

Cold utility requirement (kW) 17 843 17 616 15 813 14 447

Hot utility cost (k€ /y) 1245 1224 1068 950

Cold utility cost (k€ /y) 154 152 137 125

Cost total utilities (k€ /y) 1399 1376 1205 1075

Total HEX area (m2) 3875 4058 5286 6176

NminMER 16 16 16 16

HEX area (m2) 242 254 330 386

Cost total HEX area (k€) 603 633 749 763

Cost total HEX area/y (k€ /y) 70.43 73.95 87.55 88.99



Comparison of energy saving scenarios 28

Scenario 0 Scenario 1 Scenario 2 Scenario 3
Comparison with the reference case
Utility demand (%) - -1.5 -12.6 -21.1
Cost total utilities (%) - -1.6 -13.9 -23.2
Total HEX area (%) - +4.7 +36.4 +59.4
Cost total HEX area 
year (%)

- +5.0 +24.3 +26.4

As the curves are closer one from the other, the heat recovery area and the associated investment cost is going to increase



▪ From below the pinch to above the pinch

Changing operating conditions : Mechanical Vapour Recompression 29
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Ė+

PLUS

MINUS

PINCH

V apor@Tlow, Plow

Liquid@Tlow, Plow

Liquid@Tlow, Phigh

V apor@Thigh, Phigh

Q̇savings,cold

Economic evaluation
( ·Q+

Thigh
. v+

hot + ( ·Q+
Thigh

− ·Q+
Tlow

) . v+
cold − ·E . v+

el) . top −
1
τ

Irmv(
·Q+

Thigh

UhΔTh
, ·E, (

·Q+
Tlow

UlowΔTlow
))

·Q+
Thigh

·Q+
Tlow

·Q+
Thigh·Q+

Tlow

·Q−
Tlow

COP =
·Q+

Thigh

·E+



Correct integration : Partial flows are possible 30
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if only part of the heat load is useful, then it is always possible to compress only part of the flow in order to reduce the compression power



▪ Multi -effect evaporator case

Multiple heat pumps integration 31

COP = 7 

COP =
Q̇savings,hot

Ė+



Energy saving options 32


