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OUR CULTIVATED PLANET

This table shows the ten most cultivated crops of the world. Of 1,400 million hectares (Mha) of arable land, more than a
third is covered by the three major cereals: wheat, maize and rice. Soybeans are the only other crop to be grown on more than
100 Mha, with strong growth over the last 20 years, while other crops covers much smaller areas. Although they do not always
have the highest yields, the largest countries (United States, China, Russia, India, etc.) are the main grain producers, with more
or less regional specificities depending on the crop.

Surface and
Yield evolution?

Crops’ Main producers

1. Wheat (216 Mha)

Originally from the Fertile Crescent, in the
Middle East, wheat is now the most
cultivated cereal in the world

2005 2015

2. Maize “97 Mha) ....................... E

Corn, first cultivated in Central America, is ~ 125%..... Za*" ‘
now widely grown but, unlike wheat, it

cannot be grown in the coldest regions

2005 2015

3. Rice (162 Mha) Bl ”,

Rice is the world' s third major cereal but, 2% . ..
unlike wheat, it is still mostly grown in its ﬁz
historical area of origin: Asia.

2005 2015

4. Soyheans (121 Mha)

Soy is the first legume cultivated in the
world. Soy is mainly cultivated in America
and exported all over the world, mainly for

cattle feed ?

2005 2015

5. Barley (51 Mha) bt - ym

Barley is mainly grown in temperate
regions. It has two main usages: malting
and cattle feeding.

150%

2005 2015

" The areas occupied by each crop as well as the maps of the quantity produced by each country refer to year 2019.

2Trends from 2000 to 2019, expressed as percentage of values for year 2000

Data: FAOStats | Table: @BjnNowak
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Global meat production, 1961 to 2023

400 million t

Oceania

350 million t Africa

300 million t South America

250 million t North America

200 million t
Europe

150 million t

100 million t
Asia

50 million t

ot

1961 1970 1980 1990 2000 2010 2023

Data source: Food and Agriculture Organization of the United Nations (2025) OurWorldinData.org/meat-production | CC BY

Farmed animals : 1.5 bn cattle, 1 bn pigs, 19 bn chicken
Slaughtered per year: 69 bn chicken , 1.5 bn pigs, 302 million cattle
WEF, 2019; Our World in Data, 2023

Pets in the world: 470 million dogs, 370 million pet cats.
https://www.statista.com
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Food System Sustainability needs a holistic view

THE LANCET
Planetary Health

Articulating the effect of food systems innovation on the
Sustainable Development Goals

Mario Herrero, Philip K Thornton, Daniel Mason-D'Croz, Jeda Palmer, Benjamin L Bodirsky, Prajal Pradhan, Christopher B Barrett, Tim G Benton,

Andrew Hall, lje Pikaar, Jessica R Bogard, Graham D Bonnett, Brett A Bryan, Bruce M Campbell, Svend Christensen, Michael Clark, Jessica Fanzo,

Cecile M Godde, Andy Jarvis, Ana Maria Loboguerrero, Alexander Mathys, C Lynne Mcintyre, Rosamond L Naylor, Rebecca Nelson,

Michael Obersteiner, Alejandro Parodi, Alexander Popp, Katie Ricketts, Pete Smith, Hugo Valin, Sonja | Vermeulen, Joost Vervoort, Mark van Wijk,
Hannah HE van Zanten, Paul C West, Stephen A Wood, Johan Rockstrém

nature
sustainability

comment ') Eheckiorupdales.

Bundling innovations to transform agri-food systems

Christopher B. Barrett, Tim G. Benton, Karen A. Cooper, Jessica Fanzo, Rikin Gandhi, Mario Herrero,
Steven James, Mark Kahn, Daniel Mason-D'Croz, Alexander Mathys, Rebecca J. Nelson,

Jianbo Shen, Philip Thornton, Elizabeth Bageant, Shenggen Fan, Andrew G. Mude,

Lindiwe M. Sibanda and Stephen Wood

ENVIRONMENTAL RESEARCH
PERSPECTIVE LETTERS

COVID-19 pandemic lessons for agri-food systems innovation
Christopher B Barrett(, Jessica Fanzo, Mario Herrero, Daniel Mason-D’Croz®, Alexander Mathys ),

Philip Thornton, Stephen Wood, Tim G Benton, Shenggen Fan, Laté Lawson-Lartego, Rebecca Nelson,
Jianbo Shen and Lindiwe Majele Sibanda
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Socio-Technical
Innovation
Bundles for
Agri-Food
Systems
Transformation

A Cornell Atkinson Center
for Sustainability/

Nature Sustainability
Expert Panel Report

December 2020

nature
sustainability
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Reverse engineering approach
Structure-Process-Properties S-PRO? relationships

PROCESS

Which is the structure providing
the target properties & which is
the process to generate such
structure

(1) Affordable Nutrition

(2) Consumer focused
organoleptic properties

(3) Improved three dimensional
sustainability performance

structure-property

_ (1) Targeted (multiphase) structure
functions

in different scales
(nano, micro, meso, macro)

(2) Materials with targeted
techno- and biofunctionalities

S-PRO2 model from Windhab; adapted and modified

ETH:zirich Alexander Mathys ~ SF{C 5|23



Prices and nutritional composition of ~2600 substitute products + ~7500 benchmark

products in EU supermarkets. In Germany price parity has been reached

Food Research International 197 (2024) 115213

Contents lists available at ScienceDirect

Food Research International
i

ELSEVIER

journal homepage: www.elsevier.com/locate/foodres

Comparing the nutritional value and prices of meat and milk substitutes
with their animal-based benchmarks across six European countries

Armin Siegrist®, Ashley Green ™', Fabienne Michel ", Alexander Mathys "

* ETH Zurich, Laboratory of Sustainable Food Processing, Schimelzbergstrasse 9, Zurich 8092, Switzerland
Y ETH Zurich, Consumer Behavior Group, Universititsstrasse 22, Zurich 8092, Switzerland

Check for
uj

Price ranges of meat and milk products:

Substitutes (SUB) ———
(N3 New Seafood Substitutes

S from our StartUp
'} co!
| € X
R

o
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Price of meat and meat substitutes [€ / kg]
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Holistic protein determination in single cells such as microalgae
Consider new nitrogen-to-protein conversion factors and non-protein nitrogen

TRUE PROTEIN CONTENT

of commercially available Chlorellaceae

Nitrogen-to-Protein . o
Conversion Factor Total Nitrogen Non-Protein Nitrogen

ka x (TN = NPN)

EECENNE0ENRDOEREDONN
SRFEIIISIFEEEQL9LTYS

o®o o0,

d %
average ka of TN between NPN between
5.3 4.7 t0 9.3 g/100g 3.4t015.4%

Sagesser, Kallfelz, Boulos, Hammer, Bocker, Portmann, Nystrom & Mathys (2023). Bioresource Technology, 129849.

ETH:zirich Alexander Mathys ~ SF{C 7123



Bioaccessibility, bioavailability, and bioactivity assessment of nutrients-

running cooperation with ETH Zurich Nutrition R&D

Bioaccessibility in vitro

@

Microalgae

Bioprocess optimization Bioavailability ex vivo

4 ) Vicroalgae-derived
micronutrients

+ ascorbic acid

Processing ] AP RV
K + phycocyanin ts L d 0 §
1A e ‘ 0.4-25 L Bioreactors :

A o \
~\__ o -
gt ’\-f\’h‘“‘ l' ‘2 vl'.

intestinal organoids

In vitro micronutrients bioaccessibility Bioprocess optimization for high-quality
assessment and improvement biomass with bioavailable micronutrients utilization

Gao et al, 2023. Collaboration with ETH Nutrition groups via Dr. Dr. F. Gao with Prof. F. von Meyenn, Prof. M. Zimmermann

ETHziirich  Alexander Mathys

SFP

Absorption with Caco-2 cells and

Ex vivo micronutrients absorption and

SFp

SUSTAINABLE FOOD
PROCESSING

Bioavailability and bioactivity in vivo

7 ,:%

ave
Feeds and oral doses A
@ I e

“ Blood sample

analysis
Mouse

,’~"":\'\ ;'6
> ko 0 ¥y g0e7.d
—~ 000 % X,

002 oL

Liver, spleen, and intestinal samples
analysis

g Biomass labeled with stable
isotopes

In vivo micronutrients absorption and utilization
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Our value chain approach at the ETH Sustainable Food Processing Lab

Novel Primar
o Gentle Release Functonal Structure+Safety Biological
Resources Production Ingredients Response
M
7 9 T ol ’« p, T 'l , o | . & r"v" *‘:;"/» - 17( ~

-] O . 2
0.0 N @1 \ Ce Water for

Slurry 50-65% moisture ¥ cooling die |
Microbial Ecosystem Structure -Process Emerging processing Cooperation
Control & Boost Properties Interactions (Structuring/Disintegration/Safety) with nutrition, medicine,
and consumer science
Multi Indicator Sustainability Assessment - Method Development and Case Studies

ETH:zirich Alexander Mathys ~ SF{C
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Food Processing Groups SFP

SUSTAINABL

Opportunities for emerging protein processing

Food Processing Groups & Combinations

electro_‘ biotechnological o
: magnetic ‘

Emerging Technologies for Optimizing Protein Production
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Food Processing Groups- SFP
Emerging electro-magnetic Pulsed Electric Fields s

Food Processing Groups & Combinations

electro-
magnetic

Emerging Technologies for Optimizing Protein Production
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Increased cell proliferation by nanosecond Pulsed Electric Field PEF
15t commercial system worldwide based on ETH Zurich R&D

m 7 U F / c h (SEC) SINGAPORE-ETH BUHLER NATIONAL RESEARCH FOUNDATION -
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- &« B
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&
omepage > News & Events > 2022 > 08 > SEC's Microalgae project gels a stellar addition from its partner Buhler | . < fp‘f
30+ B
Recent results >20%
:\;25 - E
2]
@20t , |
€ !
2 Z
© 15} . )
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? ]
C10f 2 .
S 4
5 5f -
0 — R Z - 7. . untreated
NEWS « RESEARCH PROJECT A. platensis C. vulgaris C. vulgaris S. cerevisiae
SEC's Mi l ot t tell photoautotrophic  photoautotrophic heterotrophic heterotrophic
S MICroalgae project gets a stellar A
gae proj g Strain (-)

addition from its partner Bihler Group

Bihler Group deploys its world's first Stellar system based on nanosecond
pulsed electric fields at SEC for more efficient microalgae processing.

www. sec.ethz.ch Buchmann & Mathys (2019). Frontiers in Bioengineering and Biotechnology, vol. 7, pp. 1i 7.

Haberkorn, Buchmann, Hiestand & Mathys (2019). Bioresource Technology, vol. 293, pp. 122029.
Haberkorn, Siegenthaler, Buchmann, Neutsch & Mathys (2021). Biotechnology Advances. 53, pp. 107780
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Pulsed Electric Field PEF-based process innovation supporting more efficient
and affordable production

N w
o o

N
o

s
o

Difference in dry mass (%)
) o

Fermenter

Recent results >20% |
1 nsPEF-
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2k growth |-
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| ﬁ E | |
| f
r 3 1 ur
A plallensis C. vullgaris C. vu‘lgan's S. cer;visiae
photoautotrophic  photoautotrophic heterotrophic heterotrophic
Strain (-)

Buchmann & Mathys (2019). Frontiers in Bioengineering and Biotechnology, vol. 7, pp. 11 7.

Buchmann, Bloch & Mathys (2018). Bioresource Technology, vol. 265, pp. 268-274.

Buchmann, Frey, Gusbeth, Ravaynia & Mathys (2019). Bioresource Technology, vol. 271, pp. 4021 408.
Haberkorn, Buchmann, Hiestand & Mathys (2019). Bioresource Technology, vol. 293, pp. 122029.
Haberkorn, Buchmann, Hausermann & Mathys (2020). Bioresource Technology, vol. 319, pp. 124173.
Haberkorn, Siegenthaler, Buchmann, Neutsch & Mathys (2021). Biotechnology Advances. 53, pp. 107780
Perez, Azzari, Koller, Haberkorn, Fischer & Mathys (2024) Journal of Food Engineering, pp. 112427
Perez, Zermatten, Haberkorn & Mathys (2024). Bioresource Technology, vol. 407, pp. 131099

Perez*, Li*, Haberkorn, Dumpler, Mathys* & Desmond* (2025) Algal Research, pp. 104015
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Pulsed Electric Field PEF-based process innovation supporting more efficient
and affordable production- recent R&D outcomes

Journal of Food Engineering 391 (2025) 112427
Contents lists available at ScienceDirect

Journal of Food Engineering

journal homepage: www.elsevier.com/locate/ffoodeng

- journal of
food engineerin;

]

Enhancing scalability and consistency in pulsed electric field processing of
microalgae: Integrating single-cell suspension rheology and

multiphysics simulation
Byron Perez "' ©, Paride Azzari™', Reto Koller *"@, Iris Haberkorn ", Peter Fischer “®,
Alexander Mathys ™"

# Sustainable Food Processing Laboratory, Institute of Food Nutrition and Health, ETH Zurich, Schmelzbergstrasse 9, 8092, Zurich, Switserland

" Singapore-ETH Centre, 1 Create Way, 138602, Singapore, Singapore
© Food Process Engineering Laboratory, Institute of Food Nutrition and Health, ETH Zurich, Schmelzbergstrasse 7, 8092, Zurich, Switzerland

Bioresource Technology 407 (2024) 131099

Contents lists available at ScienceDirect

Bioresource Technology

ELSEVIER journal homepage: www.elsevier.com/locate/biortech

Check for
updates

Enhancing protein extraction from heterotrophic Auxenochlorella
protothecoides microalgae through emerging cell disruption technologies
combined with incubation

a,b

Byron Perez ™", Carole Zermatten ™", Iris Haberkorn ", Alexander Mathys "

# Laboratory of Sustainable Food Processing, ETH Ziirich, Schmelzbergstrasse 9, 8092 Ziirich, Switzerland
" Singapore-ETH Centre, 1 Create Way #06-01, 138602 Singapore, Singapore

ETH:zirich Alexander Mathys ~ SF{C

Check for
Updates

Algal Research 88 (2025) 104015

Contents lists available at ScienceDirect
Algal Research

Ph
ELSEVIER journal homepage: www.elsevier.com/locate/algal

M)

Check for

Microfiltration of microalgae biomolecules: Impact of pulsed electric fields &&=
and high-pressure homogenization on single-cell protein recovery and
membrane fouling

Byron Perez ab:l7hao Li®', Iris Haberkorn ™', Joseph Dumpler”, Alexander Mathys b1
Peter Desmond “""'

* Sustainable Food Processing Laboratory, Instittte of Food Nutrition and Health, ETH Zurich, Schimelzbergstrasse 9, 8092 Zurich, Switzerland

b Singapore-ETH Ceiure, 1 Create Way, 138602 Singapore, Singapore

€ Institut fiir Siedlungswasserwirtschaft (ISA), RWTH Aachen University, Mies-van-der-Rohe-Strafie 1, 52074 Aachen, Germany
d College of Science and Engineering, Hamad Bin Khalifa University, Education City, Ar-Rayyan, Quatar
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Food Processing Groups SFP
Emerging chemical based Natural Deep Eutectic Solvents purification ==

Food Processing Groups & Combinations

Emerging Technologies for Optimizing Protein Production
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Refining of pea and rapeseed protein using Natural Deep Eutectic Solvents

Rapeseed
(Brassica napus L.)

Dehulling E
3
Q

Air classification » Hulls

v

Dehulled rapessed

\ 4
NADES —t+—»{ Extraction

v v

sjusu}nunuy Jo uoljoel)xg

NADES Separation
+Antinutrients (compressed air)
A 4
Water —+—»|  Washin Refined dehulled
9 rapeseed
Washing fluid <
(NADES-water)
\ 4
Wastewater

Dumpler, McMackin, Herren, ltschner, Szasz & Mathys (2024)

ETH:zirich Alexander Mathys ~ SF{C 16 | 23



Refining of protein using Natural Deep Eutectic Solvents NADES
Dehulling and NADES extraction of yellow pea

Dumpler, McMackin, Herren, ltschner, Szasz & Mathys (2024)

ETH:zirich Alexander Mathys ~ SF{C 17| 23



Food Processing Groups SFIA
Emerging mechanical/thermal based extrusion and structurization e

Food Processing Groups & Combinations

Emerging Technologies for Optimizing Protein Production

ETH:zirich Alexander Mathys ~ SF{C 18 | 23



Micro-foaming of plant protein based meat analogues for tailored textural
properties

) GRS Micro-foamed
Side cut = ;. Meat Analogue

view

High Overrun
Achievable

Controllable gas
fraction

High Liquid
Absorption

Y ’_: e ¢ - | Lightness in
3 g . | Colour

Taylorable Density
+ Foam Structure

New Texturability
Options

(Buhler AG, 2022)

Zink, Zeneli & Windhab (2023), Current Research in Food Science 7,100580

ETH:zirich Alexander Mathys ~ SF{C

(d) 0.1wt% N2
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High moisture extrusion to produce 1st bright microalgae-based meat analogs
worldwide, with increase of nutritional value and more micronutrients

Soy protein concentrate
(sP)

Microalgae

Water for
formulation

1
Slurry 50-65% moisture \{

Cooling die '

Co-rotating intermeshing twin-screw extruder

Extruded meat analogues with enhanced nutritional value

were produced by incorporating microalgae to its
formulation. However, to achieve appropriate fibrillary
structure, moisture contents were optimized.

o
S g8
I -
:
’
(Buhler AG, 2022)

30% MAg,
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planted.
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Vit. E

B Vicroalgae powder i
B 50% MA,,,, added

B 50% MA,,, retained
EB== Soy concentrate |

//

Vit. B1 Vit. B2 Vit. B3

Vit. B6

Recommended daily intake (RDI) of the selected vitamins in 100 g of
unprocessed microalgae (MA) powder, extrudate with 50% MA,, before and
after extrusion, and soy protein concentrate powder according to FDA (2016).

Caporgno*, Boécker*, Mussner, Stirnemann, Haberkorn, Adelmann, Handschin, Windhab & Mathys (2020). Innovative Food Science and Emerging Technologies, vol. 59, pp. 102275
Séagesser, Kallfelz, Boulos, Dumpler, Bocker, Mair, Nystrom & Mathys (2024). Food Hydrocolloids, pp.110290

ETH:zirich Alexander Mathys ~ SF{C
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Emerging high moisture extrusion of hybrid plant/single cell-based meat
substitutes with increase of nutritional value and more micronutrients

Food Hydrocolloids 156 (2024) 110290

Contents lists available at ScienceDirect

. Food
Hydrocolloids

Food Hydrocolloids

-

ELSEVIER journal homepage: www.elsevier.com/locate/foodhyd

Food Hydrocolloids 160 (2025) 110736

Contents lists available at ScienceDirect

) Food
Hydrocolloids

5 # L4
2 p :
)

Food Hydrocolloids

ELSEVIER journal homepage: www.elsevier.com/locate/foodhyd

Structurability of microalgae, soy and pea protein for extruded e
high-moisture meat analogues

Corina Sagesser “, Johanna Meta Kallfelz ", Samy Boulos b, Joseph Dumpler “, Lukas Bocker®,
Thomas Mair“, Laura Nystrom ”, Alexander Mathys

* Sustainable Food Processing Laboratory, Department of Health Sciences and Technology, ETH Zurich, Schmelzbergstrasse 9, 8092, Ziirich, Switzerland
b Laboratory of Food Biochemistry, Department of Health Sciences and Technology, ETH Zurich, Schmelzbergstrasse 9, 8092, Ziirich, Switzerland

ETH:zirich Alexander Mathys ~ SF{C

tm
Application of a shear cell for the simulation of extrusion to test the e

structurability of raw materials
Corina Sigesser ', Thomas Mair ™', Andre Braun ", Joseph Dumpler ", Peter Fischer °,
Alexander Mathys *

# Sustainable Food Processing Laboratory, Department of Health Sciences and Technology, ETH Zurich, Schmelzbergstrasse 9, 8092, Ziirich, Switzerland
Y Business Unit Rheometry, Anton Paar Germany GmbH, Hellmuth-Hirth-Strafie 6, 73760, Ostfildern-Scharnhausen, Germany
¢ Food Process Engineering, Department of Health Sciences and Technology, ETH Zurich, Schmelzbergstrasse 9, 8092, Ziirich, Switzerland
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Targeted Implementation in Singapore via NRF supported CREATE Project
Urban Single-Cell Protein Production

NATIONAL RESEARCH FOUNDATION
PRIME MINISTER’S OFFICE
SINGAPORE

Urban Microalgae Protein Production Food Concept Development

Theme 1 Theme 2 Theme 3 Theme 4
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Valorization Microalgae Innovation Property Interactions Processing Evaluation
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Reverse Engineering (Structure -Process -Property Approach S -Pro?)
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Thank you very much- ETH-SEC Sustainable Food Processing Lab
ETH:zurich

(SEC) SINGAPORE-ETH
CENTRE

SF

SUSTAINABLE FOOD
PROCESSING
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