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▪ Same unit operation : different heating and cooling profiles
Unit Operation energetics : Heat transfer Interfaces 3
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Heat exchanger transfer interfaces 4

Introduction Chapter 1 Method
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Analysing heat transfer interfaces 5

Introduction Chapter 1 Method
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P

❖current utility: 24 bar steam

❖ representation of the process with its current utility interface


✦allow the integration of only the current utility, or a higher temperature source

❖Possible different heat exchange area => investment if Psupply< Puse
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Replacing valves by Oil free Micro-Turbines 6

Introduction Chapter 1 Method
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❖Replace valves by micro turbines

❖Pay back is low even for small flowrates

❖multi stages => 3x the power but Pay Back *1.5

Psupply

Puse

Weickgenannt A, Kantor I, Maréchal F, Schiffmann J. On the 
Application of Small-Scale Turbines in Industrial Steam Networks. 
Energies. 2021 Jan;14(11):3149.
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upon the other parts of the machine. Special care must be taken in the design of the main
components such as:
• the impeller
• seal
• rotor with permanent magnets
• thrust and journal bearings
• the electrical stator
as shown in Figure 4. A comprehensive discussion about the design of single components
is given by Schiffmann et al. [14].

Figure 4. Schematic layout of a small-scale turbine using vapor as lubricant.

In the steam conditioning process, the turbine operates close to the vapor saturation
pressure; therefore, special care must be taken to avoid condensation in the bearings to
avoid a reduction in load capacity and rotor dynamic stability [13]. Due to the functional
principle of a fluid dynamic bearing, an isothermal pressure increase occurs inside the
bearing. Hence, the vapor temperature surrounding the bearings has be high enough that
the maximum bearing pressure is lower than the saturation vapor pressure to prevent
condensation. Furthermore, with a low pressure of the steam in the motor, the windage
loss between rotor and stator is reduced [14].

As a consequence, it is necessary to separate the turbine rotor backspace from the rest of
the spindle, which can be done with a labyrinth seal. It acts mainly as a throttle and therefore
limit leakage bypassing the turbine rotor. Details on the design of these seals with a special
focus on small-scale turbomachines can be found in the work of Katuwal Chhetri [15].

Therefore, the remaining leakage flow across the seal still has a higher temperature
than the steam at the turbine exit. This steam temperature must not exceed the Curie
temperature of the permanent magnet, else the magnetic properties are lost and the gener-
ator fails. For the stator of the generator including the end-winding, its insulation class
determines the temperature limit. Class E is commonly used for cost reasons and has a limit
temperature of T = 393 K. In case a physical separation of the stator from the rotor and
bearing can be applied, the stator can be cooled separately and high steam temperatures in
the motor can be tolerated. However, any condensate that forms on the cold separation
surface must be removed such that it cannot penetrate into the bearings. Purging of the

Pay back time as a function of power

Swiss market
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100000 rpm

Oil free10	 - 25 [kWe]


1st	- 7st

1 	 - 1.5 PbT 


100 [kWth]

250 [C]/40 [b]

100 [C]/1 [b]



▪ Corrected temperature 

▪ Graphical plot of the heat cascade : [ Rr, T*r] r=1,nr

T* = T + / − (ΔTmin/2)

Heat recovery and heat cascade 7
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The Grand composite is the heat cascade representation in the corrected temperature domain. it represents the flow of energy in the system 
from higher temperatures to lower temperature. Above the pinch point is also represents the heat-temperature profile of the heat to be 
supplied to the system and below the pinch it represents the heat-temperature profile of the heat available in the process and to be removed 
from the system.



Heat recovery and heat cascade as a function of the interfaces 8

Introduction Chapter 1 Case

❖27% decrease in hot utility by heat recovery

❖Lower pressure utility

❖cogen or heat pumping ?

Process integration : utility vs process profiles



Integrating heat pumps from heat source to heat sink9

T

·Q−
source + ·E+

·Q−
source

·E+·E+

Heat source

Heat sink

Q̇(+)

Q̇(�)

Q̇(+) = Ẇ+ + Q̇(�)

Ẇ+

Figure 6: Representation of a compression heat pump

the system. This means also that a heat pump may be profitable in one process configuration and
not when the same process is considered as integrated in the production site. More specifically,
when a heat pump is placed above the pinch point temperature, it is indeed equivalent to an
electric heater since both Q̇(+) and Q̇(�) concern the same sub-system, the di�erence Ẇ+ being
the only energy input in the sub-system. Moreover, when Q̇(+) is delivered below the pinch
point temperature, the electric power of the heat pump is added to the exothermic sub-system,
therefore it will just increase the cooling requirement of the system.

Q̇(+)
r(+),r(�) = min((min

r
(Rr),⇥r = nr+1, ..., r(+)), ((1+

(T (+) � T (�))
T (�)�Carnot

)(min
r

Rr,⇥r = r(�), ..., 1)))

(3)

with
�Carnot the e⇥ciency of the heat pump with respect to the reversible heat pump
T (+) the temperature of the hot stream of the heat pump that supplies heat to the

process at the temperature Tr(+) of the heat cascade
T (�) the temperature of the cold stream of the heat pump that takes heat from

the process at the temperature Tr(�) in the heat cascade
In reality, the hot and cold streams in the condenser and the evaporator do not have a

constant enthalpy-temperature profile. The equation 3 will therefore be adapted to account for
such heat transfer profiles. In such situation, more detailed models applying linear programming
methods (e.g. Eq. 6) will be used.

3.2 Other types of heat pumps

Heat pumping e�ect can also be obtained by mechanical vapour recompression applying
again the ”plus-minus” principle. A hot stream initially to be condensed below the pinch temper-
ature will be relocated partly in the heat sink by using a compressor that will raise the condensing
temperature above the pinch point.

11

·E+ = ·Q+
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1
ηCarnot

⋅
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Savings Hot Utility = c+
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Miss placed heat pumps : above or below the pinch 10

T

Above pinch point
Electric heater·E+

·Q− + ·E+

·Q−

Saving Hot Utility  = ·E+

Electric heater of the environment

·Q−

·E+
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Multi stage heat pump integration 11

Heat-pump integrated configurations

Wallerand, A. S., Kermani, M., Kantor, I., & Maréchal, F. 
(2018). Optimal heat pump integration in industrial 
processes. Applied Energy, 219, 68-92.

Identify temperature levels

Multiple heat pumps/RMV

Flows optimised



Heat pumps and waste heat valorisation 12
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A.S. Wallerand 2018. EPFL Thesis

Heat pump integration : problem statement 13

▪Heat pump type ?

▪Working fluid ?

▪Operating conditions ?

▪Multi-stage compression / 
expansion ?

▪Subcooling/preheating ?

▪Flash drums ?

▪Compressor types ?

All adapted from: Del Nogal et al. (2008)



[1] Wallerand et al. 2018

[2] A.S. Wallerand. EPFL Thesis, Lausanne

Systematic approach: superstructure optimisation 14

Computer aided process engineering

▪Process and utility data

▪Boundary conditions

▪Objective functions (cost, 

emissions)

▪Utility selection & sizing

▪Heat pump design

▪Optimal process 

integration 

Optimal



Systematic approach: superstructure model 15



Fluid data base 16

working fluids and their thermo-physical properties



Technology data base : compressors 17

[1] A.Wallerand, BFE 2019
[2] Kantor et al., ECOS proceedings, 2018
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[1] Wallerand et al. 2018

[2] A.S. Wallerand. EPFL Thesis, Lausanne

Systematic approach: superstructure optimisation 18

▪Mathematical 
optimisation

▪Comprehensive 

superstructure model

▪find

▪sizes

▪fluids

▪configuration

▪operating conditions



Optimisation to select and calculate flows in the system 19

min
Rr,yw,fw,E+,E−

(
nw∑

w=1

C2wfw + Cel+E+
− Cel−E−) ∗ t

+
nw∑

w=1

C1wyw +
1

τ
(

nw∑

w=1

(CI1wyw + CI2wfw))

nw∑

w=1

fwqw,r +

ns∑

s=1

Qs,r + Rr+1 − Rr = 0 ∀r = 1, ..., nr

Rr ≥ 0 ∀r = 1, ..., nr; Rnr+1
= 0;R1 = 0

nw∑

w=1

fwew + E+ − Ec ≥ 0

nw∑

w=1

fwew + E+
− Ec − E−

= 0

fminwyw ≤ fw ≤ fmaxwyw yw ∈ {0, 1}

E
+ ≥ 0;E− ≥ 0

Subject to : Heat cascade constraints

Electricity consumption Electricity production

Feasibility

Energy conversion Technology selection

Operating cost

Fixed maintenance

Investment



[1] Wallerand et al. 2018

[2] A.S. Wallerand. EPFL Thesis, Lausanne

Systematic approach: validation 20



[1] Wallerand et al. 2018

[2] A.S. Wallerand. EPFL Thesis, Lausanne

[3] Shelton and Grossmann 1986 

[4] Colmenares and Seider 1989

[5] Colmenares and Seider 1987

Systematic approach : validation 21

Literature comparison1,2

Improvement vs state of the art

[3] [4] [5]



A multiple levels heat pumping system integration 22

• the negative contribution of the fraction of liquid that may be used to de-superheat the compressor outlets (mix) at level i.− + ∑ − − ∑ − =∀ ∈ ∈ ∈ =− → → = + →f f f f f
i g pL G P
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(23)

where

G set of heat pumps g consisting of one fluid d
L set of heat pump saturation temperature levels …{1,2,3, ,n }l
fp

g i,cond condenser sizing factor of heat pump g (containing fluid f) during period p

fp
g i,evap evaporator sizing factor of heat pump g during period p

fp
g i,mix mixer sizing factor of heat pump g during period p

→fp
g j i,presat presaturator after expansion from temperature level →j i sizing factor of heat pump g during period p

→xgj i
V vapor fraction after expansion from temperature level →j i of heat pump g

hgi
SC [kJ/kg] enthalpy at subcooled or saturated temperature level = −T T ∆Ti i i,SC ,SC of heat pump g

Liquid energy balance The liquid energy balance in Eq. (24) is trivial because all streams enter and exit at the same state of matter and
temperature.

− + ∑ − − ∑ − =∀ ∈ ∈ ∈ =− → → = + →( )f f f f f
i g pL G P

(1 x )· ·h 0
, ,

p
g i

p
g i

j
i gj i

p
g j i

k i p
g i k

p
g i gi,cond ,evap

1
1

V
,presat

1
n ,presat ,mix

SC
l

(24)

Vapor mass balance The vapor mass balance at temperature level i can be at saturated or superheated conditions depending whether >∆T 0i,PRE
(superheated) or =∆T 0i,PRE (saturated). It is shown in Eq. (25) of heat pump g and is composed of:

• the positive contribution from the potential evaporator at level i

• the negative contribution from the potential condenser at level i

• the negative contribution from all compressors that exit from level i

• the potential incoming mass flow related to the potential gas-cooling heat exchanger unit from the superheated mass balance at level i

• the potential positive contribution from a de-superheating through mixing unit at level i.

− − ∑ + + =∀ ∈ ∈ ∈=− →f f f f f
i g pL G P

0
, ,

p
g i

p
g i

j
i

p
g i j

p
g i

p
g i,evap ,cond

1
1 ,comp ,gas-cool ,de-sup mix

(25)

where

→fp
g j i,comp sizing factor of compressor from level →j i sizing factor of heat pump g during period p

fp
g i,de-sup mix sizing factor of the de-superheating through mixing unit of heat pump g during period p

fp
g i,gas-cool sizing factor of the gas-cooling heat exchanger of heat pump g during period p

Fig. 15. Extended case E2 minimum TAC solution.

A.S. Wallerand et al. Applied Energy 219 (2018) 68–92

88

[1] Wallerand et al. 2018


CARNOT Integrated composite curves : the area between the two curves defines the exergy losses in the heat transfer



Integrating renewable energy 23
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Dairy process 24
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Dairy case study: heat pump integration 25

Helen Becker (2012)
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Exergy integrated composite curves
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15°C Relative COP
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 –> dCOP = dQ/dE = 650



Case study: Solar energy and heat-pumps 26

Refrigeration 
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Heat pump 
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Heat pump superstructure* 
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Boiler 
(BOI)
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High Concentration 
Photovoltaic and 
Themal system* 
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(1) Tehnomont, Solarna Oprema Pula. SKT 100; (2) SunTech, HyPro, STP 290S-20; (3) Airlight Energy Holding SA

Electricity Ammonia

-2 / 15 / 25 / 45°C

110°C

80°C

ηth,average=29%

Cost = 300 €/m2

=3.15 €/kWhexerg

Electricity ηel,average=18%
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=0.57 €/kWhexerg
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80°C
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ηth,average=51%

ηel,average=29%

Cost = 500 €/m2

=0.88 €/kWhexerg



Targeting problem : multi-period problem 27



Targeting problem : multi-period + storage problem 28

Storage model
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Integrating solar heat 29
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Natural gas

8.1 ct€/kWh


Grid electricity

14.2 ct€/kWh

Comparison of the different solutions 30

Max. heat 
recovery

Heat pumping

solar + heat pumping

Photovolatic

Electricity (150€/m2) 
2'245m2  2.38m2/10t  

Flat plate thermal 
Heat (300€/m2)

1'369m2 1.45 m2/10t

Plate plate + PV

Hybrid

Low efficiency

HCPVT

Hybrid (500€/m2)

High efficiency

1'988m2 2.10m2/10t

Heat pumping 
optimisation

Daytime process operation



Connected to the grid : optimal predictive strategic operation 31

Electricity consumption [MWh] Operating cost [EUR] CO2 emissions [kgCO2eq]

32.3 745.5 958.5

Electricity consumption [kWh] Operating cost [EUR] CO2 emissions [gCO2eq]

32.3 747.5 690.0

-27.9 %

Electricity consumption [MWh] Operating cost [EUR] CO2 emissions [kgCO2eq]

32.3 640.1 870.2

-14.2 %

Minimisation of the energy consumption

Minimisation of the operating cost

Minimisation of CO2 equivalent emissions

Electricity market

CO2 market

Utility market
50 hours ahead prediction (ENTSOE)

Status of inventory+ equipment Electricity mix

predictions

Strategic planning
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8.30 Progress and future plans in WP1 - PSE 

9.00 Progress and future plans in WP2 - divis 
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10.00 Further developments regarding IT integration - Leikon, OR Soft 
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▪ Process integration of industrial heat pumps

▪ System pinch is the key

▪ System boundaries

▪ integrate waste treatment and urban integration


▪ Heat pumps integrates with other utilities

▪ cogeneration - waste heat valorisation


▪ Heat storage and optimal strategic operation

▪ Methods

▪ System energetics analysis

▪ Heat exchange interfaces

▪ Grand composite => temperature levels

▪ Super-structure => fluids + system configuration for temperature levels

▪ Optimisation => selection and flows

▪ Integrated composite curves => exergy losses

Conclusions : industrial heat pump integration 32
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