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Protein problem

In 2050 – ~ 9.7 billion people to ~ 287 million tons annually

(https://ourworldindata.org/grapher/daily-per-capita-protein-supply)
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Global meat 
production 
trends

(https://ourworldindata.org/meat-production)
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(https://www.wri.org/data/animal-based-foods-are-
more-resource-intensive-plant-based-foods)



Environmental impact

Smetana et al., (2015). IJLCA, 20(9), 1254–1267.  

Meat analogues
1 kg of ready to 
eat product



Meat substitution with alternative proteins

(Smetana et al., under review)



Alternative products

Image after Banksy

Meat 

Extruded soy protein

(DIL)



Dietary shifts studies for emergency

courtesy of ShiftN
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Methodological insights: LCA

Outcomes

Basis

Results Impact Categories
• Climate Change
• Human Health
• Resource Depletion
• Ecosystem Quality
• Land Use
• Water Use
• Acidification
• Eutrophication
• Minerals Use
• Fossil Fuel Use
• Carcinogens …

ISO DN 14040-14044

Sustainable Degree of Product, Pt

Life Cycle Thinking

Inventory and Analysis

Estimate environmental impact of technologies and productsMain Objective

55 9 26 6

1 t of Meat/Fish

Technologies and Products 
Comparative Possibilities

Raw Materials

Equipment and Components Production

Waste and Pollution Flows

More Sustainable Equipment Selection
Product Sustainability Determination
Environmental Labeling
Technologies Improvement 
Food Innovation

Quantified Data

1 
annual

1 kPt
=

More efficient, less 
harmful  and less resource 

consuming products

PEF

• Hotspots
• Best options
• Cradle-to-grave
• FU
• Comprehensive methods
• Potential impacts



Meat 

Extruded soy protein

Principles of substitution

Texture and processability
Nutrients

Nutrients and scores
Raw burger patties

Beef Pea Insect Fungi 
(mcm) Soy

Energy content, kcal in 100 g 235 269 282 255 169

Protein content, % 18 18 21 21 14

Fat, % 20 19 19 14 10

Saturated fat, % 8.4 5 2.1 3 0.7

Sugar, % 0 0 1.4 3.0 1.2

Dietary fibers, % 0.4 1.3 1* 3.1 5.1

Sodium, % 1.0 1.1 1.6 1.2 1.9

Nutri-Score D C D B B

(Smetana et al., 2021)
(DIL)



(Smetana et al., 2021) (Smetana et al., 2015)

0,3 kg of digested proteins, from cradle to plate

LCA of meat and meat substitutes
Raw burger patty, 116 g, from cradle to gate

B1 – beef; B2 – pea, B3 – insect; B4 – mycomycelium; B5 - soy



Microalgae

S = 0,1 ha
H = 0,3 mORP

S = 0,05 ha
V = 25 m3TBR

IGV GmbH

S = 10 m2

V = 2,5 m3HTF

(Smetana et al., 2017)



LCA of Microalgae: large differences between systems

FU1 – 1 kg of product; mPt – millipoints (ecopoints, 1 kPt is equal to the annual impact of one European citizen); CORP – open raceway pond cultivation of Chlorella vulgaris; SORP –
open raceway pond cultivation of Arthrospira platensis; CTBR – tubular photo bioreactor cultivation of Chlorella vulgaris; STBR – tubular photo bioreactor cultivation of Arthrospira
platensis; CHTF – heterotrophic fermenter cultivation of Chlorella vulgaris

(Smetana et al., 2017)
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Smetana, Schmitt, Mathys, 2019:
https://doi.org/10.1016/j.resconrec.2019.01.042 

Insects



A-LCA of insects

Puree Meal (Protein Concentrate)

+25% efficiency
Side-streams

Ren.En.

mPt – millipoint, integrated 
normalized and weighted value 
of environmental impact 

(Smetana, Schmitt & Mathys, 2019)



C-LCA compound effects of insect production

Puree Meal (Protein Concentrate)

Chicken Soybeanmeal Fishmeal

(Smetana, Schmitt & Mathys, 2019)

mPt – millipoint, integrated 
normalized and weighted value 
of environmental impact 

C – composting avoided
A – avoided anaerobic digestion



http://susinchain.herokuapp.com/index

SUSINCHAIN beta version online tool



Modelling efficiency of meat culturing

(van der Weele & Tramper, 2014)(ENVISIONTEC GmbH) (DIL e.V.)

Self-organizing Scaffold-based 3D printing
(extrusion/droplet)

Production 1 t DM meat 1 t DM meat 1 t DM meat

Reactor scale, 
duration

20 m3 for 1 month 
(1.56 t meat)

15 m3 for 44 days 
(1.38 t meat)

Minimal printing space for 2-3 weeks; 
2 m3 for 4 weeks (1.5 t meat)

Technology type Batch Batch Continuous-batch

Initial inoculum 20 m3 of 5×1011 cells per m3 15 m3 of 2×105 cells mL−1 2 m3 with 10-40×106 cells mL−1 

Microcarriers na Starch 300 kg Alginate 50-100 kg*

Water 20-40 tonnes* 118.4 + 180 tonnes 10 tonnes*

Growth medium (80 tonnes*) 118.4 tonnes (4-10 tonnes*)

Glucose included in medium 0.8 tonnes included in medium

Glutamine na 69.2 kg na

NaOH 200 kg* 600 kg 20-40 kg*

Energy 19 840 MJ 22 384 MJ Printer: 332,6 MJ*; Reactor: 145 MJ*

Sources
Van der Weele et al., 2016; 
Mattick et al., 2015; own 

modelling* 
Mattick et al., 2015 Murphy & Atala, 2014; Datta et al., 2018; 

own modelling* 

(Carrel, 1912)



Environmental impact overlook 

10-1 1 10 10 2 10 3 10 4

Weight basis
Protein basis

(Smetana et al., under review)



(Smetana et al., under review)
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Conventional sources of proteins

(Poore & Nemecek, 2018)

100g of protein

Beef (beef herd)

Lamb & Mutton

Crustaceans (farmed)

Beef (dairy herd)

Cheese

Pig Meat

Fish (farmed)

Poultry Meat

Eggs

Tofu

Groundnuts

Other Pulses

Peas

Nuts

0 10 20 30 0 180 0 40 80 120

Greenhouse Gas Emissions
kg CO2eq

Eutrophication
g PO4

3-eq
Land Use
m2·year

0 2 4 61 litre

Cow’s milk

Soymilk

0 4 8 120 24

Low impact producers
10th percentile

High impact producers
90th percentile



Concluding points

Commercial feed

By-product 
Side-stream

Waste

Feed

Food

Energy/Tech

Other

Location Technology Resource useSociety

Feasibility and Sustainability
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Thank you for
for your attention! 

Dr. Sergiy Smetana
Food Data Group
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