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Defossilizing industry : systemic analysis and decision support 2
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Energy efficiency : understanding the use of energy 3

Audit : flows & energy Recovery Conversion

6.4 Minimum energy requirement

costs are obtained with a �Tmin of 6¶C, with total costs of 1092 [kCHF/year]. Comparing that
with the current operating costs, one can see that about 3% could be saved. The results for some
other �Tmin are presented in table C.3.

It is to note that the optimal �Tmin is not very clear, but is rather a range between 2 and 10¶C.
Further investigation would be necessary to be sure of the correctness of the results. However, as
6¶C lies in the middle of the range, this result will be used for the further calculations.

6.4 Minimum energy requirement
Figure 6.2 shows the composite curve of PETN production and distillation with the optimal �Tmin

of 6¶C. The cold Mimimum Energy Requirement (MER) is 2089 [kW], the hot MER 2271 [kW]
and thus the total MER 4360 [kW]. The pinch point is at 53.37¶C and a minimum number of 13
heat exchangers is necessary to reach the MER.

The large heat load in both curves around 56¶C comes from the evaporation and condensation
of acetone. Due to its large mass flow required, it presents the single largest heat stream. The
other plateau around 84¶C results from the evaporation and recondensation of nitric acid.

Figure 6.2—Composite curve for MER

6.5 Penalizing heat exchangers and mixers
The pinch point separates the streams into two areas. According to the “more-in-more-out”
principle, among the already installed heat exchangers, there may be some that are penalizing.
These will be analyzed in the following.
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9.2 Minimize exergy losses

Figure 9.4—Carnot Composite Curve for reference scenario

Figure 9.5—Carnot Composite Curve for optimized utilities
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• Heat pumps 
• MVR 
• Cogeneration 
• Waste - Water

Heat exchangers

Heat recovery targeting



▪ Energetics of unit operations

Heat transfer Interfaces 4
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▪ Corrected temperature  
▪ Graphical plot of the heat cascade : [ Rr, T*r] r=1,nr

T* = T + / − (ΔTmin/2)

Heat recovery and heat cascade 5

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.



Closing the energy balance : energy conversion integration 6

Burning fuel

Cooling Towers

Refrigeration

Natural Gas 3745 kW 
741 kgCO2/h

68.6 kWe 

85.2 kWe



Integrating heat pumps from heat source to heat sink7
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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.
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Identify temperature levels 8

Multi-stage heat pumpsTemperature levels



Heat pumps and waste heat valorisation 9
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• Superstructure 
• Fluids 
• Turbines 
• Optimisation

Kermani et al., Applied Energy, 2019

Savings = 50% steam 
No electricity penalty



A.S. Wallerand 2018. EPFL Thesis

Heat pump integration : problem statement 10

▪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)



Systematic approach: superstructure model 11



Fluid data base 12

working fluids and their thermo-physical properties



Technology data base : compressors 13

[1] A.Wallerand, BFE 2019
[2] Kantor et al., ECOS proceedings, 2018
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Optimisation to select and calculate flows in the system
14

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 +
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nw∑
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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
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Feasibility

Energy conversion Technology selection

Operating cost

Fixed maintenance
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System integration results 15

Natural gas : 643.9 kW (x 0.17) 
CO2 emissions : 127 tCO2/h (x 0.17)

Heat pump 1 : 408.6 kWe 

Refrigeration :38.5 kWe 

Heat pump2 : 44.1 kWe 

Cooling Tower : 38.5 kWe

Electricity : 243 kWe (x 1.5)

Cogen Engine : 258 kWe 

Carnot Integrated Composite Curve before fluid selection



Method1: based on sector blueprints2

▪ Heat pump design for sector blueprints
▪ Preliminary results scaling based percentage that sector profile covers of the sector

Energy saving potential through heat pumps in Swiss industry 16

[1] Wallerand et al., 2019, in preparation
[2] Kantor et al., ECOS proceedings, 2018

Sector

Maximum energy recovery Additional direct energy efficiency 
measures

Total

Electricity Primary Thermal Electricity Primary Thermal Electricity Primary Thermal

Opt.  
Techn.

Cons. Opt.  
Techn.

Cons. Opt.  
Techn.

Cons. Opt.  
Techn.

Cons. Opt.  
Techn.

Cons. Opt.  
Techn.

Cons.

Food and beverage 9% 8% 1% 37% 30% 10% 3% 5% 1% 32% 30% 10% 12% 13% 1% 69% 59% 16%

Pulp and paper N/A 28% 22% 21% N/A N/A N/A 28% 22% 21%

Chemicals 0% 69% 41% 25% N/A N/A 0% 69% 41% 25%

Cement 0% 0% 50% 15% 12% 0% 50% 15% 12% 0%

Steel 0% 87% 9% 8% 23% 2% 2% 0% 23% 2% 2% 87% 9% 8%

Non-ferrous metals 0% 52% 5% 2% N/A N/A N/A 52% 5% 2%

Total industry 
(weighted)

1% 1% 0% 36% 19% 11% 27% 6% 1% 5% 5% 1% 28% 7% 1% 42% 24% 12%



System integration results 17

Natural gas : 643.9 kW (x 0.17) 
Biogas max available : 2300 kW 
CO2 emissions : 127 tCO2/h (x 0.17)

Heat pump 1 : 408.6 kWe 

Refrigeration :38.5 kWe 

Heat pump2 : 44.1 kWe 

Cooling Tower : 38.5 kWe

Electricity : 243 kWe (x 1.5)

Cogen Engine : 258 kWe 

Carnot Integrated Composite Curve before fluid selection



BIOMASS CONVERSION ?

Biomass waste : 2C(H2O)

Sustainable natural gas

Heat

(H2O)

50% : Biomethanisation
70% : Hydrothermal gasification (http://trea-tech.com)
70% : Synthetic Natural Gas

Gassner et al., Energy and Environmental Science 5, no. 2 (2012):Gassner et al.,, Energy & Environmental Science 4, no. 5 (2011): 1742.

CO2

Fuel cell
Electricity

Heat

1 CO2

1 CH4

http://trea-tech.com


System integration Waste valorisation + Fuel cell + Biogaz export19

Biogas export : 2582 kW

Heat pump 1 : 355 kWe 

Refrigeration :38.5 kWe 

Cooling Tower : 38.5 kWe

Electricity : 0 kWe

Fuel cell : 443 kWe 

Carnot Integrated Composite Curve before fluid selection

Fuel cell heat 100 + biogas production 920 kWth 

Biomass waste : 4600 kW  
hydrothermal gasification : 

3220 kW GN + 920 kWth



COMBINING BIOMASS CONVERSION AND ELECTROLYSIS

BIOMASS : C(H2O)

Sustainable natural gas

1 CO2

1 CH4

H2O

Gas grid

Electricity Grid
O2

H2
1 CH4

Power to Gas

4H2+CO2=>CH4+2H2O

Gassner, Martin, and François Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.

CO2 sequestration

PV
PV

Storage capacity

1.3 x  NG2011

Alternatives
• Methanol
• DME
• F-T fuels



BIOMASS RESOURCE AND CONVERSION
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Integrating synthetic natural gas production in the energy system : Combined heat and fuel production
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Combined Heat and Fuel (CHF) production
Substituted fossil carbon per unit of biogenic carbon in wood

For wood boiler (WB) 0.3 kg of fossil carbon are substituted per kg of biogenic carbon

1.6 

wood boiler

2.8 

wood boiler

2.1 
wood boiler

3.0 
wood boiler

CHF + P2G with CO2 storageCHF + P2G without CO2 storage

CHF CHF + Carbon sequestration

Celebi, et al.Chemical Engineering Science 204 (2019): 59-75.



2022 Net Zero Lab

NetZero LAB



Netzerolab
Aluminium 
Decarbonization 
Superstructure
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Pareto: Environmental impacts vs. Total Cost

Multiple KPI : Environmental Governance



Example of configurations 27
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Integrating with the energy system : Combined products - fuel production & electricity management
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Integrated biorefineries renewable energy hub

Pulp and Fuel project

Excess in summer

Deficit in winter

Up to 90 % Biogenic carbon efficiency

Front. Energy Res., 23 November 2022
Sec. Bioenergy and Biofuels 

Volume 10 - 2022 | https://doi.org/10.3389/fenrg.2022.979502

https://pulpandfuel.eu
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Industrial clusters as a circular renewable energy hub
Excess in summer

Deficit in winter

CH3OH

CH4

(CH2(1+1/n-x/n))nOx

(CH2(1+1/n))n

functions



Defining decarbonisation routes for the industry (AIDRES-EU)
Blueprint models per sector 
Decarbonisation options 

• Process models 
• Integration models 

assembling the bricks

Decarbonisation Pathways 

Results of the AIDRES EU project 
decarbonisation of the EU industry (EU commission DG Energy)
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▪ Efficiency 
▪ Waste heat valorisation 
▪ Electrification 
▪ Heat pumps 
▪ High temperature heat ? 

▪ Renewable energy 
▪ Combined heat and fuel production via co-electrolysis 
▪ Electricity storage 
▪ Biogenic CO2 mineralisation 

▪ CO2 capture 
▪ When fossil carbon is in the raw materials and not in the product  
▪ H2 storage by carbon circularity 
▪ Negative emissions from biomass 

▪ Hydrogen from RES and Water 
▪ As a reducing agent (removes O2) : Steel - Aluminium 
▪ H2 as an atom : Plastics/chemicals

Industry decarbonation pathways 34



▪ Questions ?

La recherche est là pour aider 35
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