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Sustainable development

SD is development that meets the needs of the present
without compromising the ability of future generations to
meet their own needs

United Nations
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Agro-food industry

50% increase
in global food
demand by
2050

FAO, 2017




Agro-food industry

Food service
and
Household
Consumption

1

FOOD.LOSSES FOOD"WASTE
14% 18%

3.3 billion tons of produced foéd



Health issues

~ 800 million people are affected by hunger

2 billion people have different nutrient deficiencies

More than 1.9 billion adults, 18 years and older, are
overweight. Of these over 650 million are obese

$

Socioeconomic costs (USD 3.5 trillion per year)

FAO and WHO, 2019, FAO, 2017



Expansion of conventional food
S ) NEEDS IMPACTS
production lines and infrastructure -




Sustainable development

Planet

Prosperity
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Life cycle sustainability assessment

Ren & Toniola, 2020




Sustainable development
LCA LCC S-LCA

environmental costs expended from product addresses the social
impacts associated conception and production, impacts of
with a product, through its operation, to the  yprodycts and services
process, or activity end of along their life cycle
its useful life

.

Maturity levels and data availability of life cycle approaches (x-axis: progress/development)
Valdivia et al. 2021



Sustainable development

ECO-EFFICIENCY




Eco-efficiency

1990 — Introduction - Schaltegger & Sturm. Oologische
Rationalitat (Environmental rationality).

|

1992 — Popularization - World | = SR

Rio de Janeiro 3-14 June 1992

Business Council for  Sustainable
Development (WBCSD) at the United
Nations Conference on Environment and
Development (Earth Summit or Rio -~
Conference).

2012 — Standardization — I1SO 14045



Eco-efficiency

l.
Definition of objectives and scope

Assessment ot potential

environmental impacts

service
“——f

IV.
Quantification of eco-efficiency

I

V.
Interpretation

180 14045-2017



Environmental impact
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‘ Fabrication e
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Uti'isation

Energy consumtion, water uptake,

consumtion ot chemicals, etc.

emissions, human health, ecosystem

Ressources quality, etc.

Fin de vie



Environmental impact

szsgz)

GOAL and SCOPE
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LIFE CYCLE
INVENTORY
ASSESSMENT




LIFE CYCLE
INVENTORY
ASSESSMENT

Environmental impact

Table 1. Input and output flows for dairy processing in Canada, in 2006

[tem

Unit

Amount

Source

Milk production and hauling
Raw milk production, at farm

Loss at farm and during hauling

Average hauling distance

Average volume per haul
Dairy processing input

Raw milk’

Electricity

Natural gas

Heavy fuel oil

Middle distillates

Propane

Water use

Sodinum hydroxide

Nitric acid

Sulfuric acid

Phosphoric acid

Refrigerant make-up (HCFC-22)

Dairy processing output
Cheese
Cottage
Creams
Sour cream
Yogurt
Fluid milks
Buttermilk
Frozen dairy products
Powders
Concentrated milks
Butter
Wastewater
Refrigerant (HCF(C-22)

L
P
km
L

L
MWh
TJ
TJ
TJ
T

kg/kg of raw milk

mg/kg of raw
mg/kg of raw
mg,/kg of raw
mg,/kg of raw
mg/kg of raw

kt
kt
kt
kt
kt
kt
kt
kt
kt
kt
kt

milk
milk
milk
milk
milk

kg/kg of raw milk

mg/kg of raw

milk

7,410,083,200
0.9
176.4

16,934

7,392,032,100
016,148
6,418
213.2
225.2
4.1
1.5
B8O7
285
436
63

7.13E-04

547.8
27.8
238.7
46.0
243.6
5093
14.1
237.0
102.2
45.8
T8.8
1.7

7.13E-04

Dairyinfo, 2011
Calculated from balance
FPLQ, 2007

FPLQ, 2007

Dairyinfo, 2011
CIEEDAC, 2010
CIEEDAC, 2010
CIEEDAC, 2010
CIEEDAC, 2010
CIEEDAC, 2010
Kershaw and Gaffel, 2008
Kershaw and Gaffel, 2008
Kershaw and Gaffel, 2008
Kershaw and Gaffel, 2008
Kershaw and Gaffel, 2008
Nutter et al., 2009

Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Dairyinfo, 2011
Kershaw and Gaffel, 2008
Nutter et al., 2009

'Raw milk at 3.7% fat; specific gravity: 1.031 kg/L.




nvironmental impact

LIFE CYCLE IMPACT
ASSESSMENT

Midpoint categories Damage categories

Human toxicity
espiratory effects
Respiratory etfects Human health

Tonizing radiation

/\ Ozone layer depletion

. Photochemical oxidation

Aquatic ecotoxicity
Terrestrial ecotoxicity
Aquatic acidification
Aquatic eutrophication
Terrestrial acid/nutr

Land occupation

Water turbined
Climate change
(Life Support System)
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. N . I r
Global warming i
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Non-renewable energy T Resources
i ¥
Mineral extraction
Water withdrawal

Water consumption




Environemental impact

mpact par
étapes du cycle de vie

Agriculture

o 84.2 %

Transformation

9.9 %

4.3
kg CO,eq.

Emballage

‘ﬁ‘g 21%

Transport

‘; 2.2 %

Supermarché et distribution
(68 1

Consommation

| 0.2%

Agribalyse 5/






Eco-efficiency

Value of the product or service

Eto—efficiency =

Environmental impacts

PRODUCT VALUE

ENVIRONMENTAL IMPACTS



Sustainable development

Food service
and
Household
Consumption

IMPACTS

Technological innovation



Electrodialysis

e Purification e Concentration ® Modification
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Electrodialysis

EN=

M.Fidaelio et al. (2006), Bazinet et al. (2004)



Electrodialysis

Cas + Enz. - Cas +GMP
Cas + H'=> CasHO\

Inorganic acid

!
', ' ' \/ Lactobacteria
6.8 S I 3 4.6

Electrodialysis

PEMK LC



Electrodialysis

DEMINERALIZED WHEY
> LACTOSE ENRICHED SOL.
Ca?*/Mg?* ENRICHED SOL
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DEIONIZED WATER——

ELECTRICITY

STEAM

EMISSIONS

Rosie
Deschénes Gagnon

insoluble soluble



Electrodialysis

Climate change Human health
100 100
80 80
60 60
40 40
20 20
0 — F— e 0 - ——
EDBM-UF HCI-NaOH EDBM-UF HCI-NaOH
® Other m™ Steam = Skim milk ® Other m™ Steam = Skim milk
Ecosystem quality Resources
100 100
80 80
60 60
40 40
20 20
o — EEEENSEEE— R 0 — —_
EDBM-UF HCI-NaOH EDBM-UF HCI-NaOH
® Other = Steam ™ Skim milk ® Other =™ Steam ™ Skim milk

Mikhaylin et al. Green Chemistry, 2018



Eco-efficiency
Chemical EDBM-UF

emulsion
.

-

Caseinate

value

Production
costs ?

X

I\

More stable

hygroscopicity

=
N

Deschénes Gagnon et al., 2022



VALUE

Eco-efficiency

Caseinate

Lactose

Caseinate

Caseinate

LT

IMAPCTS

1100 SUS/ton

P-34
L-53
M -7

2700 SUS/ton




Pulsed Electric Field

PULSED ELECTRIC
FIELD

.

FOOD
MATRIX

ACTIVE
SPECIES

!

ELECTRICAL BREAKDOWN

EXTRACELLULAR
SPACE
CELL
MEMBRANE
INTRACELLULAR
SPACE

IMPACT ON IMPROVEMENT OF
MICROORGANISMS MASS TRANSFER
*Cold pasteurization *Extraction
*Promotion of growth *Tissue softening
*Drying

*Freezing




Pulsed Electric Field

French Fry process with PEF

cutting

it i

blanching dryi | freezing




Win-win

VALUE

Trade off

Eco-efficiency

26 t/h raw material French fries (FF)
7.700 production hours per year

Trade off
-10.906.000 kW/h
-24.000 m3 of
water
PEF
"~
Thermal
Loose-loose ﬁ
IMAPCTS |

- LYA AL

of fries
- 368 t/year

of oil

Less breakage

Smoother cut
(less feathering)

Reduced oil uptake
Even colour \

Longer fries

N %



PULSED ELECTRIC
FIELD

i

FOOD
MATRIX

ACTIVE
SPECIES

ELECTRICAL BREAKDOWN

EXTRACELLULAR
SPACE

CELL

MEMBRANE
INTRACELLULAR
SPACE
INACTIVATION OF IMPROVEMENT OF
MICROORGANISMS MASS TRANSFER
*Cold pasteurization eExtraction
*Tissue softening
*Drying
*Freezing

e Functionality improvement

e Reduction of allergenicity

* Improvement of interactions with other
molecules

PROTEINS



PHYSICO-
CHEMICAL

TREATMENTS

Asveld et al. 2011.

POWDERS
CHEESE ETHANOL,

ORGANIC ACIDS BIOGAS

ENZYMATIC HYDROLYSIS OF PROTEINS

Market demand for whey protein hydrolysate was

i
12 WHEY PROTEIN

estimated at more than 302 million USD).in 2018 T =

Globa
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Herndndez-Ledesma, 2008



PULSED ELECTRIC
FIELD

i

FOOD
MATRIX

ACTIVE
SPECIES

ELECTRICAL BREAKDOWN

EXTRACELLULAR
SPACE

CELL
MEMBRANE
INTRACELLULAR o
SPACE o6 N HIGH VOLTAGE

ELECTRICAL HYDROLYSIS
< TREATME
INACTIVATION OF IMPROVEMENT OF PROTEIN g B L T8  MODIFIED PROTEIN o -
MICROORGANISMS MASS TRANSFER [0 /zcrozloaiin et (2 hours)

. . 40 kV, 0.5 Hz
*Cold pasteurization 1, 10 et 30 min

*Extraction
*Tissue softening
*Drying
*Freezing

i N - 4 i
Eugene Vorobiev Nabil Grimi  Nadia Boussetta  Rock-Seth Agoud



High voltage electrical treatments

DH improvment

EE =

Energy consumption

100,0
90,0
80,0
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40,0
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20,0
10,0
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0,000 0,100 0,200 0,300 0,400

ENERGY CONSUMPTION
©PEF, 1 min ©PEF,10 min ©ARC, 1 min 'ARC, 10 min ~ Heat treatment
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Eco-efficiency assessment of B6-lg heated up to 85°C and pretreated
with HVET after chymotrypsinolysis. The value beside each point of
the graph represents the eco-efficiency score

Agoua et al., 2021



High voltage electrical treatments

Identification des peptides
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Agoua et al. Food Bioscience, 2022



Brewer’s spent grain
¥ ; -y |

Evaluating byprofluct
upcycling strategies

Interpratation

mmm) Preservation pathways

mms) fynctionality of proteins
mm) Bjoactive potential

Carbon Footprint

0,
SHSEU Reduction*

32200 %

Emulsifying Energy Use
Capacity Reduction*

3682 %
: 3416 % Ecosystem
: . n . e Foaming Capacity Quality Damage
Emilie Korbel Samira Rousseliére Gaélle Petit ‘ Reduction*

Human Health
Protein content Damage
Reduction*

Water Scarcity

Total Profit Reduction*

amme|_ondfill Feed esssFlour esswExtract esssPrecipitate

Sylvie Turgeon Rozenn Rava//ec Eya Rouissi Jonathan Gagnon Gaanon et al. 2025



Valorization of by-products

Separation
(Centrifugation)

~1billion liters

That's a lot of
v ] -
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Circular |

economy
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Bioactive peptides

|
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Protein valorization |

(90% hemoglobin) 1
|

Laurent Bazinet Zain
Sanchez Reinoso

Ismail Fliss
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Delassa Rdhifni Houssine Fliss



ECONOMVIC

operationalization

Sustainable development



Challenges of emergent technologies

Multicriteria aspect of sustainability assessment

Methodological issues of sustainability assessment (e.g.
lack of uniformity between different available tools, data
availability and transparency, extrapolation of results
from lab to industrial scale, geographical location)

Particular challenge is considering social aspects (impacts
on human capital, human well-being, cultural heritage,
and social behavior)

Best Alternative

Lin et al. 2020
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