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Eco-design of
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• Simple and readily
applicable

• Easy when product is
not affected (constant 
FU) 

• « hot spots »

• Does not offer solutions 
for improvement

• Does not allow search
for a global optimum

or?
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OU: unit operation

Eco-design approach 1: Comparative assessment of processes

http://lgc.inp-toulouse.fr/
http://www6.rennes.inra.fr/stlo


20/10/2016

2

3

• Redistribution / reuse of the 
flows making use of 
intelligent design methods
(Pinch, exergy analysis)

• Single action on water or 
energy consumption

• Does not consider
modifications of food product

• Does not allow search for a 
global optimum

OU1

OU2

OU3

OU1

OU2

OU3

Eco-design approach 2 : Material flow minimization
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. Simultaneous optimization 
of conflicting objectives

Multi-objective 
optimization

Material flows
(consumptions, 

emissions,
products)
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- Technical performances
- Quality of products
- Environmental impacts
- Economic criteria

Economic and 
environmental
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material
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Water

Other
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(detergents…)

Eco-design approach 3 : Multi-objective optimization



20/10/2016

3

55

. Simultaneous optimization 
of conflicting objectives

Multi-objective 
optimization

Material flows
(consumptions, 

emissions,
products)

Indicators :
- Technical performances
- Quality of products
- Environmental impacts
- Economic criteria

Economic and 
environmental

analyses

Operating 
conditions

Dimensions

Feasible
solutions 

(compromise)

Decision-making

Modelling-Simulation

Utilities production

Process
(production + cleaning)

Products &
co-products

Emissions / waste
(effluents)

Raw
material

Fuel
Water

Other
products

(detergents…)

Eco-design approach 3 : Multi-objective optimization

Lack of process models
Scarce use of process simulators

Lack of knowledge

Process simulators in Chemical &Petroleum Industries
Steffens et al., 1999; Azapagic et al., 2011; Ouattara et 
al., 2012 …

66

Objective

To develop a framework for the eco-design of food processes 
using the multi-objective optimization approach

To use process flowsheeting simulator to model the food 
process

Case study : a falling film evaporator treating milk 
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Case study: evaporation of milk

 > 50% of the energy consumption of the overall concentration and drying process
(Jebson, 1991)

 Various options for evaporator design 
 No holistic approach for the design of evaporator

 Dairy industry = key sector in the EU food sector
 Highly energy-intensive process: 25% of the total energy used in 

the dairy industry (Agreste, 2011)

7

Milk
 Low fouling of the evaporator (/whey)
 Experimental and industrial data available for the process

Concentration 
and drying of 

dairy products

Milk

Thermal treatment Drying

Powder milk

Vacuum evaporation

SD2P® software – Schuck et al., 2009
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Indicators :
- Technical performances
- Quality of products
- Environmental impacts
- Economic criteria
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Building-up of the framework
for the eco-design of a evaporator using the multi-objective optimization approach

Choice of Aspen Plus 
- Coupling with optimization algorithms
- Integration of data/correlations/ models in the software by users
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Model of 
process

Modelling of evaporation of milk with Aspen Plus

Thermodynamic properties of 
milk components

 Heat capacity
 Boiling Point Elevation
 Density
 Thermal conductivity
 Viscosity
 Surface Tension

Properties = f(T, X, FC…)

T = temperature
X = fraction of dry matter
FC = fraction of Fat

Evaporator

Steam Milk

Heat exchanged betw. steam / milk
 Known data
 Calculation, Bouman et al., 1993

Simulator
Operating conditions

(ex: Flow-rates …)
Dimensions

Concentration in dry matter
Temperature of the concentrate

Flow-rate of the concentrate
Flow-rate of vapour

…
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Modelling of  properties of milk components for use of AspenPlus
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Milk

More than 2000 
components

Milk in Aspen Plus : 5 « pseudo-components »

FatWater Proteins Lactose) Minerals

Correlations from the litterature

Properties = a + b.T + c.X + d.F

T = temperature
X = fraction of dry matter
F = fraction of fat

Example : density of whole milk

Comparison between experimental
data and predicted values

Selection of models of milk properties
 Heat capacity : Choi & Okos (1986)
 Boiling Point Elevation: Winchester (2000)
 Viscosity : Morison et al. (2013)
 …

Properties ?

Madoumier et al., JFE, 2015



20/10/2016

6

11
11

Evaporator (Embare Factory, Br, Ribeiro et al, 2001-2003))

Vapour (flow-rate, T)

Concentrate
(flow-rate, T, dry matter)

Steam : 
Flow-rate, T, P

Milk : Flow-rate, T, P

Inputs 
in 

Aspen Plus

Computations 
in Aspen Plus

Heat exchanged

Condensates (T)

Dry Matter of the concentrate
(% mass)

Temperature of the concentrate
(°C)

Exp. data Simulation
Deviatio

n
Exp. data Simulation Deviation

Effect 1 20,5 20,4 < 1 % 66,0 66,2 < 1 %

Effect 2 25,2 25,2 < 1 % 61,0 61,3 < 1 %

Effect 3 32,9 33,1 + 1 % 56,0 55,8 < 1 %

Effect 4 48,0 49,2 + 2 % 46,0 45,1 - 2 %

Validation of the simulator (1)

06 / 05 / 2015
12

12

Process

Dry Matter of the concentrate
(% mass) Deviation

Temperature of the concentrate
(°C) Deviation

Exp. data Simulation Exp. data Simulation

LAG3, Entremont 
Quimper

47.7 48.1 + 1% 49.0°C 49.1°C < 1%

Evaporator, STLO
Run 24% 52%

52% 48% - 9% 60,0°C 61,3°C + 2%

Vapour (Flow-rate, T)

Concentrate
(flow-rate, T, dry matter)

Steam : flow-rate, 
T, P

Milk : Flow-rate, T, P

Inputs 
in 

Aspen Plus

Computations 
in Aspen Plus

Geometry

Condensates (T)

Validation of the simulator (2)
Evaporators (LAG3, Entremont Quimper)

(Milk Platform, STLO INRA Rennes, Silveira et al., 2013)
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Building-up of the framework
for the eco-design of a evaporator using the multi-objective optimization approach
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Applications of the framework
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Design of evaporator

Applications of the framework: 1rst example

16
16

Parameters of the Process

Falling-film evaporator

20 t/h of treated skimmed milk
50 % DM of the concentrate

Constant CIP sequences

Primary source of energy = 
natural gas

Variables in design

Number of effects ([3 ; 4 ; 5])

1rst example : design of evaporator / number of effects

Steam requirement: 

6613 kg/h (0 – Ref) 

Steam requirement: 

4932 kg/h (-25%)

Steam requirement: 

3608 kg/h (-45%)
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Number
of effects

Energy
consumption

(kg/h)

Net 
Present
Value 
(M€)

Pay-back
time 

(years)

Internal
Rate of 
Return 

Climate 
change 

Impact 2002+               
(kg CO2eq/ kg 
treated milk)

Single score 
Impact 
2002+ 

(pt/kg treated 
milk)

3 6613 1.05 11 17% 0.97 2.44

4 4932 3.72 6 28% 0.74 1.87

5 3608 5.78 5 35% 0.56 1. 43

17

Comparison of indicators

1rst example : design of evaporator / number of effects

No conflicting objectives

1818

Indicators :
- Technical performances
- Quality of products
- Environmental impacts
- Economic criteria

Multi-objective 
optimization
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(consumptions, 

emissions,
products)

Economic and 
environmental

analyses

Operating 
conditions

Dimensions

Feasible
solutions 

(compromise)

Decision-making
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Choice of primary energy source

Applications of the framework: 2nd example
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Parameters of the Process

Constant evaporation process

20 t/h of treated skimmed milk

Constant CIP sequences

Variables in design

Fuel : natural gas, oil, wood chips

Natural Gas
vs
Oil
vs

Wood Chips

Rentability
Environmental impacts ?

2nd example : choice of the primary source of energy

2020

Indicateurs économiques et environnementaux

Net Present Value (M€) Pay-back time (years) Internal Rate of Return 

Natural Gas (reference) 8,26 3,6 47%

Oil 9,34 (+13%) 3,4 (-7%) 51% (+9%)

Wood Chips 9,54 (+16%) 4,0 (+9%) 42% (-10%)

2nd example : choice of the primary source of energy

0%

10%

20%

30%

40%

50%

60%

70%

80%
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100%

Human Health Ecosystems Resources Score

ReCiPe

Natural gas Oil Wood chips
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Natural gas Oil Wood chips
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Multicriteria analysis (M-TOPSIS)

Combustible

Natural gas Oil Wood chips

Net Present Value,
Single score ReCiPe

1 3 2

Net Present Value,
Single score Impact 2002+ 2 3 1

3 economic criteria,
3 Endpoint scores ReCiPe 2 3 1

2nd example : choice of the primary source of energy

2222

Multicriteria analysis (M-TOPSIS)

Combustible

Natural gas Oil Wood chips

Net Present Value,
Single score ReCiPe

1 3 2

Net Present Value,
Single score Impact 2002+ 2 3 1

3 economic criteria,
3 Endpoint scores ReCiPe 2 3 1

2nd example : choice of the primary source of energy
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Conclusions

Development of a framework for the eco-design of food processes
 Process simulator adapted to milk specificities
 Cleaning procedures integrated
 Environemental impacts
 Economic criteria

Demonstration of the potentialities of the framework

Still some improvments
Heat transfer coefficient 
Cleaning modelling
Fouling of evaporators
Product quality
Sensivity analysis

Further developments

 Addition of the drying step to the simulation

 Extend system boundaries:
+ Impacts of milk at the farm gate and milk transportation

24

Drying step 
model

SD2P® software – Schuck et al., 2009

Multi-objective 
optimization
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Thank you for your attention

Martial.madoumier@supagro.fr
Catherine.AzzaroPantel@ensiacet.fr

Genevieve.Gesan-Guiziou@inra.fr, presenting author


