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A Platform for Agro-Food Innovation
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Inherently multi-product systems offering unmatched
resource efficiency for functional ingredients.




The Deployment Paradox
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The core problem is not the final product.
It is how we design, manage, and control the system.




A System Constrained at Multiple Levels
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Cultivation inefficiencies
and high harvesting costs

Contamination risks
and culture instability.

Systemic Economic

Limited industrial
scale-up and regulatory
fragmentation.

Multi-component
downstream processing
and market uncertainty

These bottlenecks are consistently identified across European reports and industrial analyses.
A single-point solution is insufficient.



Bottleneck I: The Cultivation Challenge
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High capital cost of
photobioreactors (PBR).

Low productivity
per square meter.

e Uneven light-to-biomass
conversion.

EU Priority:
Optimize PBR and open



Bottleneck II: Contamination & Instability

Bacteria

Critical vulnerability in open systems where dynamic control
over environmental parameters is severely limited.

Competing
Algae

Predators
(e.g., rotifers)
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Bottlenecks lll & IV: Dilution & Downstream Complexity
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Dewatering

Separating biomass from water and extracting complex mixtures
dominates the economics of the entire process ENEN i



We are not limited by the potential
of the biomass. We are limited by
our capacity to control it.

Moving from biological variability
to digital predictability.




Enter the Digital Twin

- - Virtual Representation: A
- AR ; dynamic digital mirror of the
N | physical biorefinery.

- I : - Data-Driven: Continuously
Y Fos i i updated using experimental
y A-f;--T / and real-time process data.

- Predictive Power: Simulates
system behavior to manage
high variability and multi-scale

complexity.




The Architecture of Predictive Control

Model Layer

Combining mechanistic biology
and data-driven algorithms to
process the inputs.

Feedback Loop

Real-time updates and automated
actuators adjusting the physical
conditions based on predictive

simulations.

Data Layer

Sensors collecting information
from the physical bioreactor.




The Core Unit: A Cellular Digital Twin
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Modeling internal energy
and nutrient pathways.
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Stress Response

Simulating cellular reactions |
to environmental shifts.
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 Tracking real-time synthesis
of target molecules.
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Pigment Production
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Predicting final biomass composition before downstream processing begins.



Connecting Scales:
From Cell to Product

.....

The Product

Ensuring consistent
functional quality and yield.

-
A continuous chain of information allowing
The Process micro-level models to dictate macro-level
Linking intracellular state process parameters.
to extraction efficiency. s y )

The Cell
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Process Control Trial-and-error adjustments.

Simulated, anticipated optimal
| conditions.

Variable composition and
unexpected degradation.

Standardized yields with preserved
functionality.

Resource-intensive, high
physical waste.
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High risk of failure at larger scales.

___/“
De-risked through multi-scale

predictive modeling.




Validating the Model: The Phycoerythrin Case

A highly sensitive molecule. Stability is strictly
dependent on volatile process conditions.

Molecule Stability / Yield %
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- Predict exact degradation risks.

- Optimize physical extraction
conditions.

- Simultaneously improve total yield
and preserve functional quality.
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From Bottlenecks to Full Process Control

Algal biorefineries hold the key to agro-food innovation, but they
are bottlenecked by biological variability and process inefficiency.

By adopting Digital Twin architectures—connecting the
cell, the process, and the product—we transition from
managing crises to engineering predictability.

Transforming systemic constraints into
digital opportunities.
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Thank you very much for your attention!
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