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End-to-End Process Models
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End-to-End Process Models
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Local Control Strategies Do Not Ensure Final Product Quality
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Local Control Strategies Do Not Ensure Final Product Quality
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arbitrary 

PAR

End-to-end process model identifies impact on final product quality → Holistic Control Strategy

0.1% OOS rate0.2% OOS rate
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Osberghaus et al. example on CEX column with SMA isotherm

Known Bottlenecks of Conventional Mechanistic and Hybrid Models
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1 simulation 

takes 

~1.8 sec
Boundary conditions:

Lack of 

comp. speed 

for end-to-

end real time 

applications

Can we overcome these 

limitation?

1 Million simulations ~ 1 Million 

seconds ~ 11.5 Days

SOTA 
PDE 
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Lack of 

uncertainty 

quantification 

→ lack of 

validation
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Physics-Informed Artificial 
Intelligence
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Teaching Neural Networks To Learn Physics

Physics-Informed Artificial Intelligence: A Disruptive Breakthrough Technology 
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• Immensely speed 

up computation 

time comp. to 

ODE/PDE solvers

• Ensure 

extrapolation by 

physical knowledge 
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Naive ANN vs Physics-informed ANN (PINN)

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=7134910

A Physics-Informed AI Toy Example in Bioprocess: Monod Kinetics

11

• Assume cells grow according to Monod kinetics

• Once Glucose has been consumed, there cannot be any cell growth

𝑑𝑋

𝑑𝑡
= µ ∗ 𝑋

𝑑𝐺𝑙𝑐

𝑑𝑡
= 𝑞𝐺𝑙𝑐 ∗ 𝑋

Faster Training Convergance

Better Models/
Less Required Runs

Physics-consistent 
extrapolation



29 April 2026BioProcess International Europe 2026 - PI-Informed AI to Build Trustworthy Digital Twins - Copyright © 2026 Körber AG or its affiliates. All rights reserved.

Proof of Concept: Speed Comparison of Conventional Solvers to Physics 
Informed AI
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1 iteration: 

~1.8 sec

1000 

iterations: 

~1.8 sec

Lack of 

uncertainty

Gold Standard: CADET simulator Novel Physics Informed AI

1000 times 

faster on 

CPU!!!
True 

tolerance 

intervals for 

dynamic 

models!

Risk-based Decision & 

Regulatory-Compliant Model 

Validation Allowed in Real Time
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Test Run Predictions PI-AI Model vs Ground Truth CADET Model
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Real-time Optimization
Real-time Prediction

Warnings/Monitoring

Yield Optimization

Speed-up Process 

Development

Data Connectivity Challenges – from Process Models to Digital Twins

Digital Shadow Digital TwinE2E Process Model

MES
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Manual Data Flow Automatic Data Flow

https://virtual.ispe.org/p/s/end-to-end-digital-twins-as-life-
cycle-companions-11293
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Establish holistic control 

strategy and save 70% 

experiments in PD
1

Real-time monitoring 

and impact of 

deviations
2 Increase yield and quality 

by 5-10%3Business Value
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PAS-X Savvy 
Digital Twin @ 
Takeda

15
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Takeda Question of Interest: 
How to increase yield and meeting quality criteria at the same time?
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UO 1 UO 2 UO 3 UO 4 UO 5 UO 6 UO 7

14 PPs 7 PPs 4 PPs18 PPs18 PPs 18 PPs 8 PPs

CQA 1

Product Amount

Product 
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How to run 

filtration to 

increase yield 

/ lower OOS?

How to set  

hold durations 

etc. to 

increase yield 

/ lower OOS?

USL

USLLSL
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Lower

OOS rate 

by 64%OOS: 7.2%

OOS: 2.5%

Process Model Offline Optimization Potential
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Tunable 

PPs*
Hold Duration TMP Flow rate end Flow rate start Hold Duration Process Duration

Unit 

Operation
UO 3 UO 4 UO 4 UO 4 UO 7 UO 6

Current 

State
5.7 0.5 318.9 345.6 8.1 23.4

Optimized 9.0 0.7 215.6 411.7 3.1 20.6

Increase

Yield by 

35%

CQA 1Product Amount

Copyright © 2025 Körber AG and Takeda Pharmaceutical International AG. All rights reserved. Content developed in collaboration with Takeda Pharmaceutical 
International AG and used with permission. 
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Takeda Use Case Description of the Digital Twin
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UO 1 UO 2 UO 3 UO 5 UO 6 UO 7

14 PPs 7 PPs 4 PPs18 PPs18 PPs 18 PPs 8 PPs

UO 4

End-to-end process model 

predicting final CQA & product 

amount as a function of PP of 

all steps

MES

Measurable process 

parameters are sent 

to the process model 

via established 

interfaces (mature 

and used also for 

other tools)

Middleware

Recommendations

how to change the 

setpoint of tunable 

process parameters 

are sent to the MES 

system for human 

approval

Other IT system
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End-to-End Digital Twins as Recommender Systems in Manufacturing

19
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Real Time Digital Twin Optimization: Further Improve the Process
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CQA 1

Product Amount

CQA 2

Product Concentration

Increase

Yield by  

4%

Lower

OOS rate 

by 2%

Lower

OOS rate 

by 10%

Lower

product 

conc.

Copyright © 2025 Körber AG and Takeda Pharmaceutical International AG. All rights reserved. Content developed in collaboration with Takeda Pharmaceutical 
International AG and used with permission. 
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Conclusions – Physics Informed AI Enables UQ and End-to-End Digital Twins

21

1. Contextualized Data Model + FAIR Data Principles 

Integrated Product Lifecycle Data Strategy

2. Individual

Unit Operation Models

3. End-to-End

Process Models

4. IT/OT

Infrastructure

Path A: Static 

Digital Twins Path B: Dynamic Digital Twins

Regulatory-Compliant End-to-End Digital Twins!​

5. UQ

5. Dynamic

Models

End-to-end Digital Models

7. UQ

6. PI-AI

Digital   d l

K E Y  T A K E A W A Y

A Digital Twin is NOT ONLY a 
MODEL, it is a CONNECTED 
SYSTEM.

Physics Informed AI overcomes two 
major limitations of mechanistic models 
due to massive speed up:

• Uncertainty Quantification: can be 
used for MCMC simulations during 
solving the inverse problem (model 
training) as well as forward problem 
(tolerance intervals)

• Real time application within end-to-
end digital twins (Monte Carlo 
Simulation and Multi Objective 
Optimization)
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