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PrecipitationReactionFermentation

Introduction | Inter-Step Connectivity
11 November 20242

Active pharmaceutical ingredients (APIs) are often produced through 
fermentation, followed by a series of interconnected purification stages

ConcentrationClarification1 2 3 4 5

½

As a consequence, common cause 
process variance in one step can 

affect multiple other steps

DSK 2024

“Common-cause variance 
is the natural or expected 

variance in a process”
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Introduction | Intra-Step Dynamics
11 November 20243

Furthermore, each process step is influenced by a variety of 
internal mechanisms and interactions

ConcentrationClarification1 2 3 4 5

½

Lead to a multitude of 
cause-and-effect 

relationships throughout 
the process line 
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Introduction | Our Proposal and Its Purpose
The industry often overlooks process-wide interactions and upstream effects on downstream processes in 

biopharmaceutical process development and production1

Develop a framework that 
integrates intra-step 

dynamics with inter-step 
connectivity

1Zahel T. et al. (2017) Integrated Process Modeling—A Process 
Validation Life Cycle Companion. Bioengineering. 4(4):86
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The literature typically focuses 
on quality data1
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Develop a framework that 
integrates intra-step 

dynamics with inter-step 
connectivity

Initial impurity 
variance in 

fermentation 
propagates into 

downstream 
processes

Introduction | Our Proposal and Its Purpose

The literature typically focuses 
on quality data1

The industry often overlooks process-wide interactions and upstream effects on downstream processes in 
biopharmaceutical process development and production1

1Zahel T. et al. (2017) Integrated Process Modeling—A Process 
Validation Life Cycle Companion. Bioengineering. 4(4):86
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Develop a framework that 
integrates intra-step 

dynamics with inter-step 
connectivity

Minimize impurity 
burden to better 

manage bottleneck 
steps

Introduction | Our Proposal and Its Purpose
The industry often overlooks process-wide interactions and upstream effects on downstream processes in 

biopharmaceutical process development and production1

The literature typically focuses 
on quality data1

1Zahel T. et al. (2017) Integrated Process Modeling—A Process 
Validation Life Cycle Companion. Bioengineering. 4(4):86
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To support root cause 
analysis and

identify optimization 
opportunities

Develop a framework that 
integrates intra-step 

dynamics with inter-step 
connectivity

Introduction | Our Proposal and Its Purpose
11 November 20248

1Zahel T. et al. (2017) Integrated Process Modeling—A Process 
Validation Life Cycle Companion. Bioengineering. 4(4):86

The industry often overlooks process-wide interactions and upstream effects on downstream processes in 
biopharmaceutical process development and production1
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Challenge | Data From Batch Processes
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Inspired by 
Ventura Silva et al. (2023) 
Digitalization Platform for 
Sustainable Battery Cell Production: 
Coupling of Process, Production, 
and Product Models. Energy 
Technol. 11:2200801

Industrial pharmaceutical processes are usually batch-operated, and 
data come in various formats, frequencies, etc.
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Challenge | Data From Batch Processes
Industrial pharmaceutical processes are usually batch-operated, and 

data come in various formats, frequencies, etc.

INTER-STEP LEVEL

E.g., offline 
laboratory dataBa

tc
he

s

Variables
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Industrial pharmaceutical processes are usually batch-operated, and 
data come in various formats, frequencies, etc.

INTER-STEP LEVEL

Whole batches are modeled as 
entities

Provides connectivity 
information, e.g., 

• Mass flow (forward →)

• Delays (bidirected )
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Challenge | Data From Batch Processes
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Industrial pharmaceutical processes are usually batch-operated, and 
data come in various formats, frequencies, etc.

INTER-STEP LEVEL

Whole batches are modeled as 
entities

Provides connectivity 
information, e.g., 

• Mass flow (forward →)

• Delays (bidirected )

E.g., online 
plant dataBa

tc
he

s

Variables
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INTRA-STEP LEVEL

The evolution of batches is 
modeled 

Provides internal dynamics 
information 
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Challenge | Data From Batch Processes
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Provides connectivity 
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modeled 
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Challenge | Data From Batch Processes
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Industrial pharmaceutical processes are usually batch-operated, and 
data come in various formats, frequencies, etc.

INTER-STEP LEVEL

Whole batches are modeled as 
entities

Need a channel 
of information
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Solution | Hierarchical Approach 
11 November 202415

1 Select process step
 

Systematic yield variation or 
throughput bottleneck 

4 Preprocess available 
inter-step data
Phase-wise aggregation of 
input data, mean centering 
and scaling 

5 Identify inter-step 
relations
Fitting SO-PLS to perform a
multiblock multivariate 
analysis

6 Isolate potential 
source step
Based on explained variance 
in 𝒀 by each block

Input from process experts

2 Analyze step output 
data
 

Identify patterns and 
distinguish high vs. low 
performance

3 Collect inter-step 
historical data
Include upstream data and, 
in case, downstream data 
(e.g., delay problems)

𝑿1 𝑿2 𝑿3 𝒀𝑿4

Average over phase

Time

In
pu

t Batch

𝑿1 𝑿2 𝑿3 𝒀𝑿4

Batches

O
ut

pu
t

𝑅2

𝑿1 𝑿2 𝑿3 𝑿4
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Solution | Hierarchical Approach 
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1 Select process step
 

Systematic yield variation or 
throughput bottleneck

4 Preprocess available 
inter-step data
Phase-wise aggregation of 
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data
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7 Collect intra-step 
historical data
Propose hypotheses and, if 
applicable, include data 
from small-scale systems

𝑿1 𝑿2 𝑿3 𝒀𝑿4

8 Preprocess available 
intra-step data
Mean centering, scaling, 
imputation and alignment  

𝑅2
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DoE dataPlant data 
Process variables

Ba
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9 Identify intra-step 
relations
Fitting PLS to perform a
multivariate analysis
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Input from process experts

Variance sufficiently explained?

Yes? 
End

No? 
Return to 6

10 Isolate source 
variables
Analyze PLS results and 
apply process knowledge to 
identify abnormal batches 
and root causes 
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Application | Inter-Step Level
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PrecipitationReactionFermentation ConcentrationClarification1 2 3 4 5
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PrecipitationReactionFermentation ConcentrationClarification1 2 3 4 5
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T

Orthogonalization

LV extraction

Inspired by
Zhu, Q. et al. (2024). Capturing connectivity information from process 
flow diagrams by sequential-orthogonalized PLS to improve soft-
sensor performance. Chemom. Intell. Lab. Syst., 252, 105192.

Sequential and 
orthogonalized 
PLS 
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This is where the 
intra-step level starts 

Application | Inter-Step Level
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metabolite growth
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In commercial production, measured process 
variables may not reveal the root cause, as 
tightly controlled variables show minimal 
variation, thus hiding critical information

Expand framework to include data from 
lower scales to improve extrapolation 
capabilities  

21 11 November 2024

Conclusion | Summary and Next Steps 

Intra-Step Level: Metabolite dynamics correlating 
with high pH in fed-batch phase (work-in-progress)

Input from process experts: Fermentation concentration 
profile impacted by metabolite dynamics 

Inter-Step Level: Downstream concentration profile 
driven by fermentation concentration profile

DSK 2024
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