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Why do we freeze-dry?

Removal of water (or another solvent) at very

low temperatures, thereby avoiding any

damage caused by conventional drying

methods

Compatible with aseptic operations

Easier and safer than dosing a dry powder in a

vial (uniformity in fill weight, no dust control to

deal with cross-contamination or operator

exposure) [different pro/cons in FD of granules]
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Inefficient, long process [possible

optimization, continuous operation]

The equipment is expensive

Recovery of biological activity

It is more convenient to administer a sterile,

ready-to-use solution
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Water state diagram

The freeze-drying steps



25 year of FD Applications at POLITO
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- Freeze drying of proteins and 

pharmaceuticals in bulk and in vial

- Freeze drying of food, coffee, 

chocolate, probiotics

- Freeze drying of inorganic materials 

(scaffolds, catalysts, geologic 

samples…)

- Freeze drying for recovery of cultural 

heritage (books, documents,..)

- Cycle development and scale up

- Improved design of freeze-dryers

- Development of PAT tools (balance, 

smart vial, DPE, PDT,..)
  



Quality by Design in Lyophilization

▪ QbD process development strategy

From Juckers et al., Processes 2021, 9, 1600. https://doi.org/10.3390/pr9091600
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Process development: role of modelling

Figure from Juckers et al., Processes 2021, 9, 1600. 

What can be done by modelling? Relate monitored variables and some product 
properties (product T, residual ice and mositure, porosity, collapse, melting,..) to process
parameters [easy or moderate]; relate directly CQA to CPP [hard, current research goal]

Is it possible to garantee the same thermal
history to the product in different apparatus?
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A model-based approach is useful to …

- To understand both process and equipment, to be able to evaluate the 

effect of modifications in process conditions and equipment characteristics on 

final product properties;

- To understand proteins behavior and denaturation, and develop improved 

formulations (using MD simulations)

- To design an efficient monitoring system to measure product temperature 

and the residual water content (to establish the end of the primary drying);

- To build an efficient control system that 

optimizes the drying process,  takes into account the constraints 
on the product quality,  takes into account the characteristics of 
the equipment (heating/cooling rates),  manages the process if 
something goes wrong.

- For off-line optimisation (by Design space) or in-

line optimisation (by using a control system or a soft 

sensor to build and refine in-line the design space)

 

Mathematical 
modeling 

Apparatus 
design 

Process 
monitoring 

Process 
control  

Figure 5. Interactions between mathematical 
modelling, apparatus design and process monitoring & 
control. 
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Mathematical modeling: 
Examples 1D, 2D, 3D

1D: Modeling of freezing step: 

prediction of cake porosity

▪ 2D and 3D modeling of vials (using COMSOL) 

to highligth role of radiation

(and convection in the freezing step)

▪ Multiscale modeling of equipment

▪ Other modeling approaches (CFD, QMoM and 
Monte Carlo at very low pressure, ....)
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Quality attributes

▪ Recovery of biological activity (formulation

& processing conditions)

▪ Rapid and complete reconstitution

▪ Stable at the desired storage conditions

▪ Low level of residual moisture

▪ Appearance of the lyophilized product

(collapse, cracking, powder ejection, skin

on the top surface, puffing, lifted cake,

inconsistent texture)
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Critical Process & Product Parameters 

Freezing: cooling & freezing rate, nucleation temperature, annealing

Primary drying:

▪ maximum allowable product temperature

▪ drying rate (product resistance to vapor flow, resistance to heat

transfer, driving force to heat and mass transfer)

Secondary drying:

▪ maximum allowable product temperature, and its residual moisture

dependence
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Risk Analysis

▪ The Occurrence – Impact

diagram quantifies Risk

▪ Scores are obtained from

Failure Mode Effect

Analysis (FMEA)

From Juckers et al., Processes 2021, 9, 
1600. https://doi.org/10.3390/pr9091600
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Reliability Assessment in a Freeze-Drying Process

Bosca et al., Ind. Eng. Chem. Res. 2017, 56, 6685−6694

Examples of fault tree for 
two top events: undesired
cooling velocity, undesired
pressure profile
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Freezing

Supercooling & freezing rate

Critical Process Parameters
▪ Supercooling/nucleation temp.

▪ Cooling rate

▪ Annealing
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Freezing

Supercooling & freezing rate (relevance of freezing temperature)

▪ Supercooling is not uniform within the batch of vials

▪ Cake morphology and hence Rp changes from vial to vial

▪ Non-uniform structure inside the vial
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Freezing

Controlled nucleation methods

ICE FOG TECHNIQUE

Water 

Vapor

Liquid 

Nitrogen
Ejector

ULTRASOUNDS TECHNIQUE

PRESSURE-SHIFT METHOD
VACUUM INDUCED SURFACE FREEZING

Freeze-drying process development and control – A model-based– ASM Medal Mini Symposium 2022 

LYO

L
A

B

Research Team



Focus on Freezing: Controlled nucleation

▪ VISF: The “easiest” and cheapest way to control 

nucleation:

▪ it requires no hardware

▪ any equipment can be easily retrofitted

▪ there are limited sterility concerns

(related to sterilization of large valves required for 

rapid depressurization)

Arsiccio et al., EJ.PS 128, 210 (2018)
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Focus on Freezing: 
modelling and prediction of cake porosity

Freezing: Energy balance for temperature

profile inside vials

Use of empirical laws for ice crystals size 

Pisano & Capozzi, Prediction of product morphology of lyophilized drugs in 
the case of Vacuum Induced Surface Freezing, Chem. Eng. Res. Des. 125 
(2017) 119–129 

• Enthalpy model (Arsiccio et al, 2017) 

• Stochastic model, with population balance

Colucci et al., A new mathematical model for monitoring the temporal 
evolution of the ice crystal size distribution during freezing in 
pharmaceutical solutions. Europ. J. Pharm.Biopharm. 148 (2020) 148–159

• Simplified stochastic approach using Poisson 

equation? [thermal interaction between vials]
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Freezing: 
modelling and prediction of cake porosity

New Polito approach:
Enthalpy balance

Empirical results evidence
relationship between ice front 
velocity and temperature 
gradients (modelling confirms role
of T gradients and freezing rate)

Arsiccio et al., Cryst. Growth Des. 2017, 17, 4573−4581; 
EuroDrying 2017
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Primary Drying             Secondary Drying

Sublimation rate:

▪ Driving force (Pice-Pc)

▪ Resistance to mass transfer (Rp):

product, stopper, equipment

Critical Process Parameters
▪ Shelf temperature

▪ Pressure
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▪ Secondary drying time

▪ Pressure, no impact

Maximum allowable product

temperature: in the case of

amorphous excipients, the maximum

allowable product temperature

significantly varies with the residual

moisture within the product.
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Cycle Development. Objectives (Primary drying)

Maximum allowable sublimation rate: Choked flow

Maximum product T: collapse

From Juckers et al., Processes 2021, 9, 1600
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Cycle Development. Choked flow conditions

Real systems: butterfly

valve or mushroom

valve is present

From Barresi, Use of CFD for the Design and Optimization of Freeze-Dryers, Chap. 9. Freeze
Drying of Pharmaceutical Products (Fissore, Pisano & Barresi, Eds), CRC Press, 2020.

CFD results for the flow-

through butterfly valve

with different disk shape: 

(a) simple flat disk and

(b) complex profiled disk; 

mushroom valve in different 

conditions (c, d). 

Velocity magnitude (m/s)

Valve distance Sublimation rate
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Cycle Development. How

What combination of shelf temperature and pressure results in a

pharmaceutically acceptable product, and meets the constraints on

product temperature and vapor flow rate?

▪ The identification of those process conditions that produce an

acceptable product was traditionally based on trial & error

▪ Proven acceptable ranges around shelf temperature and pressure

set-points

▪ New approaches based on QbD which is based on a thorough

understanding of the process

▪ Constraints on product and equipment are explicitly considered
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Cycle Development. How

Guidance for Industry suggests that … Quality … should be built in …

Process 

conditions
(shelf temperature and 

pressure)

Process
Process out
(prod. temperature & 

vapor flow rate trends)

Process 

monitoring
(PATs)

In-line control
(model-based 

controllers)

Off-line design
(DoE, model-based 

approaches)
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Cycle Development. In-line control

LyoStar, it is an expert system based on DPE+ estimations and model-based control so as to

determine the optimal shelf temperature that minimizes the primary drying time.

Pisano et al. (2010) J. Pharm. Sci. 99(11): 4691-4709
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Cycle Development. In-line control

LyoStar/LyoDriver: sequence of control action and influence of Tshelf_max

Pisano et al. (2010) J. Pharm. Sci. 99(11): 4691-4709

Example of a sequence of control 
actions calculated in three 
successive steps when a feedback 
controller is used (prediction 
horizon equals to the drying time)
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Cycle Development. In-line control

Model Predictive Control, which determines the optimal combination

of shelf T and pressure that minimizes the primary drying time.

Pisano et al. (2011) Ind. Eng. 

Chem. Res. 50: 7363-7379
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Cycle Development. In-line control

An observer, or software sensor, 

allows to monitor immeasurable 

interesting process variables like 

product temperature and interface 

position, just measuring one or 

more temperatures.

Bosca et al. (2013) Drying Technol. 31, 1744-1751

▪ The same control logics previously described can be used coupled with 

other monitoring devices, e.g. the soft-sensors. This novel tools can 

also be exploited to evaluate the batch unevenness and, thus, calculate 

the best heating policy for the most critic vials.
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Cycle Development. How

Guidance for Industry suggests that, … Quality … should be built in …

Process 

conditions
(shelf temperature and 

pressure)

Process
Process out
(prod. temperature & 

vapor flow rate trends)

Process 

monitoring
(PATs)

In-line control
(model-based 

controllers)

Off-line design
(DoE, model-based 

approaches)
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Cycle Development. Off-line

Design Space of primary drying

Giordano et al. (2011) J. Pharm. Sci. 100 (1): 311-324
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2. Quality by Design:  Design Space for primary drying

Giordano et al., JPS 100, 311 (2011) 

Cycle Development. Off-line
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• Improved cycle design using dynamic Design space and Tshelf multiple steps

Cycle Development. Off-line

Pisano et al., In-Line and Off-Line Optimization of Freeze-Drying
Cycles for Pharmaceutical Products. Drying Technol. 31: 905–919, 2013
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Cycle development via Design space
The problem of batch heterogenity
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Fissore et al., Model-Based Framework for the Analysis of Failure Consequences 
in a Freeze-Drying Process. Ind. Eng. Chem. Res. 2012, 51, 12386−12397

Effect of a process deviation
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Risk-Based Design of a Freeze-Drying Cycle for Pharmaceuticals

From Bosca et al., Ind. Eng. Chem. Res. 2015, 54, 12928−12936

The risk related to the selected operating 
conditions for the freeze-drying process is 
calculated using mathematical modeling, 
focusing on product temperature, that 
should be kept below a limit value, as a 
critical quality attribute
The role of Human error can also be included

Probability distribution function of 
product T a Pch=8 Pa, at different Tshelf

risk Design space

see Demichela et al., fchem 2018, 6, art 419 
doi: 10.3389/fchem.2018.00419
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Cycle Development (including freezing step). Off-line

Design Space of freezing

Arsiccio and Pisano (2018)       

J. Pharm. Sci. 107: 1586-1596

Pore size

Drying time

Maximum product temperature in PD

Mannitol 5%

Calculated using Arsiccio et al. model
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Cycle Development. Off-line

Design Space of freezing: Protein stability

Arsiccio et al. (2020) Pharm. Dev. Technol. 25 (7): 823-831

Design space showing the stress for the protein (percentage of 

unfolded protein, normalized by its maximum value in the design 

space). The red isocurves identify the conditions resulting in the 

same total extension of the ice-water surface area, reported in 

dm2/g (solvent mass is used as reference) on the curves. 

Surface-Induced Denaturation Prevailing Bulk Denaturation Prevailing
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Cycle Development – secondary drying. Off-line

Pisano et al. (2012) Drying Technol. 30:1307-1316

Process Optimization
Design Space of secondary drying
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Cycle Development – secondary drying. Off-line

Bobba et al. (2021) Design of Secondary Drying by in-line Near-Infrared Spectroscopy Drying Technol. 

DOI: 10.1080/07373937.2021.2008423

The limit fluid temperature is shown as a function of the drying time.
Curves correspond to different Cs,t ranging from 0.3 to 3%. The dashed line represent 
theboundary operating conditions to meet the constraint on the Tg of the product.

Sucrose, Cs,0 = 6%

Design space
obtained by a single 
test using in-line 
NIRS monitoring 
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In-line vs. Off-line optimization 

▪ Traditionally, biotechnology processes are operated with fixed controls. In the QbD 
paradigm, a dynamic control strategy is used to operate the process:

✓ a PAT is used to monitor the state of the product, and a mathematical model can be 
exploited to calculate the suitable control actions.

In-line optimization

Off-line optimization

▪ The design space of the process is defined by the set of operating conditions (shelf 
temperature, chamber pressure, duration of the drying step) that allow to fulfill 
product quality requirements, i.e. to maintain product temperature below the 
maximum allowed value

✓ The design space can then be used to identify the "best" operating conditions, i.e. to 
minimize the duration of the primary drying.

✓ Mathematical modeling can be used to “build" the design space, starting from few 
experiments planned for characterizing the system, thus reducing the experimental 
effort.
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7. Study of the process using CFD
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Mathematical modelling (CFD) – Freeze-dryer
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7. Study of the process using CFD
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Mathematical modelling (CFD) – Freeze-dryer
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Example of application:
Process monitoring by mapping pressure over shelf

Wireless MicroPirani (WMP) sensors. 
The sensing element for each device 
consisted of a silicon die with two 
metal filaments, one deposited on a 
suspended diaphragm acting as the 
Pirani filament and the other on the 
substrate as a Resistance Temperature 
Detector (RTD). The Pirani filament 
reacted to changes in ambient gas 
pressure, composition, and 
temperature and the RTD was used to 
both measure ambient gas 
temperature and compensate for its 
variation over the course of drying. The 
sensors were encapsulated in a 
package having the same footprint as a 
20 cc glass tubing vial. The height was 
selected such that the system is 
undamaged during stoppering 
operations. 
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Mathematical modelling – Freeze-dryer

2-scales modeling

 
 

1-D model of a vial 

Temperature profile in the vial and time evolution 

of the system in the time interval (t, t+t)  
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7. Study of the process using CFD

Inert distribution
Inert 1 Inert 2 Inert 3

Inert 4 Inert 5

7. Study of the process using CFDLYO
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Process understanding: multi-scale modelling

The use of a dual scale model can be very useful to predict the 
batch characteristics in different pieces of equipment and estimate 
the variances.

Ref. Rasetto V., Marchisio D.L., Fissore D. and Barresi 

A.A., 2010, On the use of a dual-scale model to 

improve understanding of a pharmaceutical freeze-

drying process. J. Pharm. Sci. 99 (1), 4337-4350

Drying time and maximum 

product temperature 

distribution in pilot and 

industrial scale apparatus.

A different approach: 

various classes of vials are modelled in 

detail, using correlations for hydrodynamics 

obtained by CFD simulations.
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▪ Spray freeze-drying allows the massive production of 

pharmaceuticals for dry powder inhalation, and a more precise 

control of particle size compared to spray drying

▪ Spray-freeze is followed by freeze-drying: different technical 

solutions are available (fluidized beds, trays, ..)
[see Ishwarya et al., Trends Food Sci Technol 41, 161 (2015)]

▪ Modelling is essential to optimize process conditions and predict 

influence of PSD

Capozzi et al., Powder Technol. 343 (2019) 834–846

7. Study of the process using CFD

Inert distribution
7. Study of the process using CFD
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Process modifications: spray-freeze drying
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The suspended vial concept

Trout, Capozzi & Pisano patent
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Continuous processing: a new concept
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Molecular simulations & Lyo formulation

R. Pisano Preservation of proteins during lyophilization. A molecular dynamics approach

Insight into the molecular mechanisms at basis of freezing and 

drying stresses

Clarifying the role of various excipients as cryo- and lyo-protectants

Buffers 

Clarifying the role of surfactants at interfaces

Insight into aggregation mechanisms of proteins

Design of the optimal formulation
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Thank you for your attention
and to younger colleagues and PhD 
I worked with in the last 20 years
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If you are interested in our research, 

or is some of our publications, please contact us

e-mail: antonello.barresi@polito.it

mail address: Dip. Scienza dei Materiali e Ingegneria Chimica, 

Politecnico di Torino

C.so Duca degli Abruzzi 24, 10129, Torino, Italy

Phone: +39-011-5644658; fax: +39-011-5644699

Contacts
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The LyoLab Research team
part of the MuSyChEn group

https://www.disat.polito.it/research/research_
groups/musychen/process_system_engineering

https://www.disat.polito.it/research/research_gro
ups/musychen/molecular_engineering_lab_mole

https://www.disat.polito.it/research
/research_groups/musychen

Roberto.Pisano@polito.it Davide.Fissore@polito.it
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7. Study of the process using CFD

Inert distribution
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