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Abstract 

A holistic approach was taken to characterise lyophilisers at both laboratory and commercial scale to design a focused 
validation strategy for commercialising parenteral drug products. Vial heat transfer coefficients  (Kv) and equipment 
mass transfer boundaries were generated for a Lyostar II and three commercial scale IMA Lyomax lyophilisers. Kv stud-
ies were performed using gravimetric methodologies. Kv calculated for the Lyostar II was equivalent to the commer-
cial equipment at 133 µBar however trended higher below 133 µBar and lower above 133 µBar potentially impacting 
primary drying product temperature during scale-up depending on the chamber pressure recipe set point.  Kv profiles 
were consistent within and across the commercial equipment. Edge effect was most prominent at commercial scale 
with minimal shielding of the edge vials in contrast to the presence of a metal ring around the vial pack in the Lyostar 
II. Equipment capability studies for mass transfer showed commercial scale equipment could achieve lower chamber 
pressure and greater sublimation rates when compared to the Lyostar II. Furthermore, differences were also measured 
between large-scale lyophilisers based on condenser orientation (horizontal vs vertical). The results demonstrate 
greater equipment capability of the two-storey vertical configuration with respect to choked flow regime. Worst-
case locations within a commercial lyophiliser were identified providing rationale for reduced sampling for product 
shelf-mapping locations. This work provides guidance on execution of commercial scale characterisation studies and 
application of the data to enhance scale-up, technical transfer and focused process validation strategies.
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Introduction
Lyophilisation is a key manufacturing step for the man-
ufacturing of stable biologic parenteral drug products. 
Lyophilisation, also referred to as freeze-drying, involves 
the freezing and drying of a liquid formulation convert-
ing it to a solid form (Patel 2011). It is employed in the 
biopharmaceutical industry to induce long-term stability 

of biologics such as proteins (Carpenter et  al. 2002). 
Products are lyophilised in a number of different con-
tainer systems including vials, syringes and ampoules 
(Patel 2011). The process involves exposing a liquid for-
mulation to a range of pressures and temperatures during 
three stages,freezing, primary drying and secondary dry-
ing (Tang 2004). A review by Gervasi et al. showed that 
of 400 parenteral protein products approved by the EMA 
(within the European Union) between 1995 and 2018, 
34% (90 in total) were presented in a lyophilised format 
(Gervasi et al. 2018).

Technical transfer of lyophilised drug products comes 
at great expense. Associated engineering and validation 
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activities can take significant line time and consume 
large quantities of representative drug product formula-
tion material; however, the extent of these activities may 
be simplified by a robust product and process charac-
terisation data package. A single commercial scale filling 
slot including production materials for 30  K vials for a 
lyophilised drug product cost approximately $500 K. An 
assessment of product value has reported the average 
cost for recombinant protein manufacture to be US $307 
per gram (with a range from US $50 to > US $1000) (Bio-
Plan Associates I 2017). Considering a scenario where 
a 100 mg/vial product is being transferred, a lyophilisa-
tion engineering run executed at maximum capacity 
could cost $1.5 million ($500  K for manufacturing and 
US $1 million for product material). For further context, 
a site-to-site transfer of a biopharmaceutical including 
personnel resources and over-head spend would cost 
US $5 + million. Extensive understanding of the lyoph-
ilisation equipment can enable reduced engineering, 
validation and sampling requirements (Jennings 2002). 
Formulation and process development using the quality-
by-design (QbD) approach is crucial to provide the key 
characteristics of laboratory and commercial equipment 
to support an efficient technical transfer.

To characterise a lyophiliser, it is important to have a 
good understanding of the equipment design and func-
tionality. The basic components of a lyophiliser include 
a product chamber, condenser, refrigeration system and 
vacuum system. Shelf temperature  (Ts) is controlled to 

transfer heat to and from the product vials. Chamber 
pressure  (Pc) is controlled by a vacuum pump located 
downstream of the condenser and a modulated nitrogen 
feed valve in the product chamber. At the end of process-
ing, the chamber is backfilled with an inert gas such as 
nitrogen to a partial vacuum, and the shelves facilitate 
automatic stoppering by compressing (Patel 2011; Tang 
2004). All lyophilisers have generally the same basic 
components,however, differences in equipment and 
configurations can result in differences in heat and mass 
transfer characteristics. Examples of such differences 
include shelf design, condenser location, condenser chute 
dimensions, refrigeration capacity and product chamber 
dimensions (shelf surface area and number of shelves). 
Various methods for generating heat and equipment 
mass transfer characteristics as part of equipment char-
acterisation have been outlined in the literature (Wegiel 
et  al. 2018; Rambhatla et  al. 2006; Searles JAJF-dlop, 
products b  2016; Patel et  al. 2010). These include vial 
heat transfer coefficient  (Kv), product dry layer resistance 
 (Rp) and lyophiliser mass transfer limitation (Jameel et al. 
2001).

Heat transfer coefficient  (Kv) — background
Figure  1 illustrates the role of heat transfer for a vial 
during lyophilisation.  Kv is defined as the ratio of the 
area normalised heat flow to the temperature difference 
between heat source and heat sink (Patel et  al. 2010). 
The value of  Kv is the sum of three components (Pikal 

Fig. 1 Heat and mass transfer in a vial during freeze-drying
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et  al. 1984): (1) conduction from contact between the 
shelf and the vial base, (2) convection via gas molecules 
in the chamber and small gap between the shelf and the 
concave section of the vial base and (3) radiation from 
the chamber walls and shelves. It can be defined by 
Eq. 1 (Wegiel et al. 2018).

where dm/dt is the mass flow rate of water vapour 
and ΔHs is the specific heat of sublimation of ice,  Av is 
the area of the vial,  Ts is the shelf temperature and  Tp is 
the product temperature within the vial.

The relationship between  Kv and  Pc has been reported 
as non-linear (Kawasaki et al. 2019; Hibler et al. 2012). 
Determination of  Kv is required for accurate mathe-
matical modelling of primary drying (Pikal 1985).  Kv is 
vial and lyophiliser specific, i.e.  Kv of a specific vial for 
a laboratory equipment may be different at commer-
cial scale. Differences in  Kv result in different  Tp pro-
files for the same process parameters used in different 
equipment,thus, the determination of  Kv in different 
lyophilisers is critical for successful product technical 
transfers.

Rp is another factor used to characterise a prod-
uct and process.  Rp is a product characteristic and is 
defined by its impact to sublimation by resisting the 
flow of water vapour flow from the freeze-drying front 
through the pores of the dry layer forming above the 
diminishing frozen plug (Zhou et al. 2019).

Examples of  Kv and  Rp measurement and application 
have been provided previously using various methods. 
Tchessalov et  al. presented a protocol for measuring 
 Kv using the gravimetric approach, as well as provid-
ing industrial case studies demonstrating how the data 
was applied (Tchessalov et al. 2021). At Biogen,  Rp cal-
culated at laboratory scale coupled with  Kv measured 
at commercial scale were successfully applied during 
a technical engineering batch to confirm a primary 
drying prediction model. Janssen performed  Kv meas-
urements at pilot and commercial scale and found sta-
tistically comparable results providing rationale for 
scalability.  Kv and  Rp coefficients were measured using 
manometric temperature measurements (MTM) and 
verified experimentally at BMS to create a design space 
(Tchessalov et al. 2021). Pisano et al. showed the appli-
cation of mathematical modelling to scale-up from a 
laboratory scale Telstar LyoBeta 25 to a pilot scale GEA 
Lyovac FCM 40-D and an industrial scale GEA Lyovac 
FCM 500-D. They concluded that a change in recipe 
was required due to a higher edge effect at laboratory 

(1)Kv =
�Hsdm/dt

Av(Ts − Tp)

scale vs pilot scale where the centre vials once again 
showed comparable  Kv (Pisano et al. 2013).

Mass transfer characterisation — background
Commercial operations generally require lyophilisation 
cycle duration to be minimised to enable optimal equip-
ment capacity. Depending on equipment differences, dur-
ing technical transfer, the receiving unit equipment may 
not be capable of maintaining the required sublimation 
rates for optimal primary drying which is typically the 
longest phase of the lyophilisation process (Tang 2004). 
Exceeding maximum sublimation rates results in a loss of 
 Pc control due to choked flow at the exit condenser chute. 
Choke occurs when the water vapour reaches Mach I or 
the speed of sound at the condenser chute exits (Patel 
et al. 2010). Choke flow has further been described where 
the  Pc control is lost due to exceeding the limitation of 
the lyophiliser equipment to transfer the required mass 
of water vapour through the condenser duct (Wegiel 
et al. 2018). Patel et al. discussed the origins of choke flow 
demonstrating the limitation itself is a function of the 
gas flow as opposed to mass flow (Patel et al. 2010). The 
resulting increase in  Pc will drive an increase in  Tp risking 
product collapse (Gervasi et al. 2019) or can potentially 
trigger an equipment pressure alarm placing the product 
into a safe mode which often means the shelves automat-
ically revert to the freezing temperature set point (Tang 
2004).

The maximum sublimation rate (choke point) is deter-
mined across a range of  Pc where the relationship is lin-
ear and represents the equipment mass transfer design 
space boundary. Design and performance attributes that 
impact the equipment mass transfer limitation include 
the geometry of the condenser chute, condenser and 
refrigeration system capacities and the heating capacity 
for the shelf fluid (Searles JAJF-dlop, products b  2016). 
Traditionally, equipment mass transfer limitation is 
measured using ice slabs (Patel et al. 2010).

Examples of equipment mass transfer limitation stud-
ies have been provided previously using various methods. 
At Pfizer, mass transfer characteristics measured for a 42 
 m2 industrial scale lyophiliser were calculated assuming 
highest sublimation rate during the beginning of primary 
drying (Tchessalov et  al. 2021). Kuu et  al. compared a 
Lyostar with an industrial scale 20  m2 BOC Edwards. The 
data shows that the Lyostar provides a “worst-case” sce-
nario having a sublimation rate 91% that of the industrial 
lyophiliser. They also concluded that heat transfer rates 
for both lyophilisers were approximately equal at cen-
tre location vials (Kuu et al. 2005). Kshirsagar et al. used 
computational fluid dynamics modelling of equipment 
mass transfer characteristics and compared the data gen-
erated with experimental data for a vertical configuration 
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23  m2 lyophiliser. Using experimental data collected on 
vertical configuration — 2 configurations were simu-
lated by CFD (vertical and horizontal). They concluded 
that the vertical condenser configuration showed greater 
equipment limitation (Kshirsagar et al. 2019). Rambhatla 
et al. reported operational qualification (OQ) sublimation 
tests that were performed on two laboratory lyophilis-
ers, Durastop and Lyostar I, a pilot scale Edwards Lyofast 
S20 and an industrial Lyomax (BOC Edwards Inc). They 
concluded that the minimum controllable pressure varies 
from one lyophiliser to another,in this case, the minimum 
chamber pressure rises very steeply in the case of the 
pilot and the laboratory lyophiliser when compared with 
the industrial equipment (Rambhatla et al. 2006).

Combining lyophiliser equipment limitation data,  Kv 
and product dry layer resistance  Rp provide the three 
key inputs to generate a process design space that can 
be utilised to predict the primary drying behaviour for 
a specific product at laboratory or commercial scale 
manufacturing and during technical transfer. In addi-
tion to previous literature, this paper provides a practi-
cal approach to executing commercial scale studies and 
how to apply the data during technical transfer. The aim 
of this study was to measure  Kv and equipment limita-
tion data for one laboratory (Lyostar II) and three com-
mercial scale (IMA Lyomax 28/29) lyophilisers at the 
same manufacturing facility using traditional gravimetric 
approaches. This is the first time that dedicated studies 
have been performed for both  Kv and mass transfer limi-
tation on a suite of equipment at a commercial facility. 
This data has been compiled to create a comprehensive 
package to simplify technical transfer and support manu-
facturing operational activities while establishing practi-
cal advice for industry.

Materials and methods
Materials
Specification for laboratory scale lyophiliser with stain-
less steel door (Lyostar II, SP Scientific, Stone Ridge, NY) 
and commercial scale (Lyomax 28 or 29, IMA Life North 
America, Tonawanda, NY) lyophilisers used in this study 
are outlined in Table  1. For  Kv studies, 20  mL tubular 
vials (Schott AG Pharmaceutical Systems, Muellheim-
Hugelheim, Germany) and 20 mm LyoTec Envision Stop-
pers B2 coating (West Pharmaceuticals, Jersey Shore, 
PA, 17,740, USA) were used. For vial filling, a peristaltic 
pump (520di, Watson Marlow Fluid Technology Group, 
Ireland) was used to deliver ultrapure water (type 1, 
Milli-Q) under laminar air flow. Temperature measure-
ments during lyophilisation were monitored using resist-
ance temperature detectors (RTDs) (Ellab Tracksense 
Data loggers, Hillerød, Denmark) secured in bespoke 
shuttles placed in the vial pack.

For the mass transfer limitation studies, commercial 
grade purified water was pumped into trays lined with 
100-μm-thick food grade plastic sheeting and secured 
in place using plastic clips. Bespoke bottomless polyeth-
ylene frames were fabricated for the commercial stud-
ies, and stainless-steel vial pack rings were used for the 
Lyostar II. The total internal area within the bespoke 
trays designed specifically for the Lyomax 29 shelf stack 
was 26  m2. The total internal area of the rings for the 
Lyostar II was 0.47  m2.

For commercial scale experiments, a weighing pal-
let truck (Schneider, model robusto VL1000) and a 1000 
L intermediate bulk container were used to determine 
the water mass added to the tray prior to each experi-
ment. On the contrary, for laboratory experiments, the 
mass of water was measured using an analytical balance 
(Top pan balance, XP802S, Mettler-Toledo Ltd., Leices-
ter, UK). Kapton and metallic tapes were used to secure 
the RTD probes in position to monitor the shelf and ice 
temperatures.

Measurement of the vial heat transfer coefficient  (Kv)
A gravimetric method was used to establish the  Kv for 
20  mL vials in both laboratory and commercial scale 
equipment. The methodology is based on guidance pro-
vided by Tchessalov et al. (2021) outlined as follows:

1) The 20  mL vials were filled with 10  mL of purified 
water using a peristaltic pump under a Laminar Air 
Flow unit and partially stoppered.

2) Each vial was then labelled using a marker to iden-
tify its lyophiliser, vial location and cycle number for 
traceability.

3) The labelled vials were preweighed. For the Lyostar 
II, one of the three shelves (middle shelf ) was fully 
loaded with preweighed filled vials (Fig.  2A). Vial 
packs were arranged in a metal ring placed on the 
shelves. For commercial scale equipment, three 
shelves were fully loaded with filled vials — the top 
shelf (shelf 1), a middle shelf (shelf 4: horizontal con-
figuration, shelf 7: vertical configuration) and the 
bottom shelf (shelf 13). Preweighed vials were then 
placed in the centre and edge locations as per the vial 
pack layout outlined in Fig. 2B.

4) Ellab RTDs were placed in contact with the bottom of 
the vial in order to measure ice temperature during 
the lyophilisation cycle. Ice temperature data from 
probed vials at the centre location, highlighted in red 
in Fig. 2, were used for  Kv calculations. Ice tempera-
ture data from vials highlighted in orange in Fig. 2 at 
the edge locations was not used to calculate  Kv but 
gathered for additional information.
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5) Data collected from the shelf surface inlet was used 
for the calculation of  Kv. Shelf temperature data was 
gathered using three different methods. Two Ellab 
RTDs were attached to each shelf surface at the inlet 
and outlet. Probes were secured to the shelf inlet and 
outlet using Kapton and metallic tape. Three layers of 
Kapton tape were applied over the probes followed 
by three layers of metallic tape. This was performed 
to secure the probe to the shelf surface while also 
providing insulation and shielding from radiative 
heat input.

 For information and comparative purposes,  Ts was 
also recorded from the shelf oil inlet as per the stand-
ard lyophiliser cycle data collection.  Ts was also gath-

ered from within the vial pack via RTDs inserted into 
brass pucks located in the under carriage of the Ellab 
shuttles resting in contact with the shelf surface.

6) Kv was determined at three different pressure set 
points (SP) with an altered sublimation duration 
to target a sublimation weight loss of 20–30%. This 
weight loss was targeted to avoid loss of contact 
between the ice and glass which may impact calcu-
lations due to the pressure dependent gaps between 
glass and ice (Tchessalov 2016). The  Kv lyophilisa-
tion cycle recipe details are outlined in Table 2. The 
specific chamber pressure set point and sublimation 
duration for each freeze-drying cycle are outlined in 

Table 1 Laboratory and commercial scale — equipment specifications
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Table 3. For lyophiliser 03,  Kv was measured at SP2 
only due to limited equipment availability.

7) Upon completion of the  Kv lyophilisation cycle for 
each set point, the chamber was backfilled with 
nitrogen gas and automatically stoppered under 
a partial vacuum of 0.8 Bar. Following unloading, 
vials were opened to release the partial vacuum, 

and post-weighing was completed. For commercial 
equipment, an average weight loss was calculated for 
centre vials (yellow area in Fig.  2B). Distribution of 
 Kv in the different locations was assessed by apply-
ing a normalisation factor based on weight loss of 
vials divided by the mean weight loss for centre vials. 
For the Lyostar II, an average weight loss was taken 
from vials located rank 2 or more from the edge and 
from the Ellab shuttle. This accounted for an average 
weight loss from 82 vials in total. Normalised weight 
loss was then applied to all vials to demonstrate the 
distribution of  Kv across the Lyostar II shelf.

 Kv was calculated as per Eq.  1 (Tchessalov et  al. 
2021).

(2)

Kv =
2�Hs(mice)vial

Sout
n
i=1

(�Ti +�Ti−1)(ti − ti−1)

Fig. 2 Vial pack layout. A Laboratory scale lyophiliser and B commercial scale lyophiliser

Table 2 Freeze-drying recipe used for Kv determination at different pressure set points (SP)

Step Shelf temp (°C) Chamber pressure (µbar) Step time (HH:MM)

1. Loading 5 N/A N/A

2. Freezing ramp −40 N/A 2:00

3. Freezing hold −40 N/A 4:00

4. Evacuation −40 SP1-SP3 (Table 3) N/A

5. Sublimation ramp 0 SP1-SP3 (Table 3) 1:10

6. Sublimation hold 0 SP1-SP3 (Table 3) SP1-SP3 (Table 3)

Table 3 Chamber pressure set points and sublimation duration 
for Kv cycles conducted in each freeze-dryer

a SP1 for Lyo 02 was performed at a pressure of 46 µBar (35 mTorr)

Set point Lyophiliser Pressure, µBar Sublimation 
time, h

SP1a 01, 02, Lyostar II 67 (50 mTorr) 4.5

SP2 01, 02, 03, Lyostar II 133 (100 mTorr) 4.0

SP3 01, 02, Lyostar II 200 (150 mTorr) 3.5
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 where  Kv is the vial heat transfer coefficient, (cal/s.
cm2.°C), ⧍Hs is the specific heat of sublimation 
(676 cal/g) for water,  (mice)vial is the total amount of 
ice in a individual vial (g),  Sout is the external sur-
face of vial,  (cm2), T is temperature (Kelvin) and t is 
time (seconds).  Kv values were then converted to W/
m2 × °C.

8) For laboratory scale: one  Kv was calculated using the 
 Tp for each probed vial in the centre location using 
the shelf inlet measurement provided by the lyoph-
iliser data. In total, three  Kv values were obtained for 
the centre location of the middle shelf at each pres-
sure set point.

 At commercial scale: Six  Kv values were obtained for 
the centre location of each shelf at each pressure set-
point: two  Kv values were calculated using the  Tp for 
each of the three probed vials in the centre location 
using data from the two  Ts surface inlet Ellab RTDs. 
An overall  Kv value for the lyophiliser was generated 
by averaging the results from each shelf, i.e. n = 18 
where three shelves were assessed.

9) Non-linear regression analysis was performed using 
Sigma Plot®.  Kv values generated experimentally 
at various  Pc set points were plotted and non-lin-
ear regression curves were established. Non-linear 
regression provided a value of a, b, c coefficients 
that represent the best fit, refer to Eq. 3. An R.2 value 
of > 0.95 was selected as the acceptance criterion

Method — equipment limitation studies
The equipment limitation study was conducted using the 
ice slab approach which consists of two parts (Searles 
JAJF-dlop, products b 2016). Part 1 involved determina-
tion of the minimum controllable pressure (MCP) for a 
set range of  Ts. Data generated in part 1 of the study was 
used to assess the equipment choke flow regime and gen-
erate the equipment limitation boundary of maximum 
sublimation rate vs  Pc. The method and parameters used 
were based on previous choke flow studies performed by 
Patel et al. (2010). The approach uses a stepwise elevation 
of  Ts where  Pc is set to the lowest value available on the 
equipment.

Part 2 of the study was performed to verify the subli-
mation rate data generated from the MCP assessment in 
part 1 by performing direct gravimetric measurements 
at specific  Ts and  Pc. The methodology is outlined as 
follows.

(3)Kv = a+
b× Pc

(1+ c× Pc)

Part 1: Minimal controllable pressure
The methodology is outlined as follows:

1) Bottomless frames were lined with thin plastic 
secured in place around the outer frame using plas-
tic clips (Fig. 3D). Ellab RTDs were used to monitor 
 Ts, and the probe was placed 20 cm in from the front 
centre of the shelf and secured using thermal Kap-
ton tape and metallic tape, to minimise the radiation 
effect (Fig. 3B).

2) The frame lined with plastic and was then positioned 
on the lyophiliser shelf. A second Ellab RTD was 
placed above the plastic, positioned 0.5 cm above the 
plastic to collect ice temperature data, as presented 
in Fig. 3 B and C. RTD positioning was conducted in 
duplicate for all shelves.

3) Purified water was pumped into the trays to a height 
of 2  cm using a peristaltic pump (weight of water 
approximately 40 kg at commercial scale and approx-
imately 2  kg at laboratory scale). All shelves were 
loaded with trays filled with water (13 shelves for 
commercial scale and 3 shelves for laboratory scale) 
(Fig. 3 A and E).

4) The study parameters for part 1 were based on the 
work of Patel et al. are outlined in Table 4 (Patel et al. 
2010).

5) Data generated in part 1 was used to calculate the 
sublimation rate to identify equipment boundaries. 
The sublimation rate is calculated using Eq. 4 (Ramb-
hatla et al. 2006).

where dm
dt

 is the sublimation rate in Kg/hr/m2, B is the 
latent heat of sublimation (53.25),  Ts is the measured 
shelf surface temperature,  Tp is the measured tempera-
ture of ice during sublimation.  Kbag is the heat transfer 
coefficient of the plastic liner which was calculated using 
Eq. 5 provided by Rambhatla et al. (2006).

Part 2: Gravimetric verification cycles
Two direct measurements of sublimation rate were exe-
cuted at  Ts of − 20 °C and 20 °C utilising the correlating 
MCP measured in part 1. The methodology is outlined as 
follows:

1)  Preparation of lined frames and addition of water 
were conducted as per part 1 (“Part 1: Minimal con-
trollable pressure”, steps 1–3). Additionally, for part 2, 
the mass of water added to each tray was recorded as 

(4)
dm

dt
= KbagB(Ts − Tp)

(5)Kbag = 0.7+ 33.2Pc/1+ 2.88Pc
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pre-weight, using an analytical balance for laboratory 
scale study and a weighing pallet truck for commer-
cial scale study.

2)  The sublimation duration was altered to target a sub-
limation weight loss of 20% to ensure that the surface 
area was maintained. As sublimation progresses the 

edges of the ice slab sublime faster causing shrinkage 
and loss of total area. The study parameters used are 
outlined in Table 5.

3)  Upon completion of the recipe, the shelves were 
set to − 20  °C for unloading, the remaining ice was 
removed from the trays and the post-weight mass 
was recorded. The total loss of water was then used 
to calculate the sublimation rate in Kg/hr/m2 as per 
Eq. 4.

Design space generation
The Design Space was created as per guidance provided 
by Mockus et al. (2011) and Jameel et al. (2001). Calcu-
lations were completed using SP scientific Lyo calculator 
(Scientific 2016) with the following criteria:

• Vial diameter of 3 cm
• 10 mL fill volume
• 7.5% solid content
• Rp “General Material of Low Resistance, Resistance 

increases non-linearly with depth dried” provided by 
the SP Scientific material data base (R = 1, A1 = 4 and 

Fig. 3 A, B, and C Laboratory scale tray set-up. A Three shelves loaded with lined trays containing water. B Temperature probing on shelf surface 
and in the tray prior to water addition. C Tray loaded with water and temperature probes. D and E Commercial scale tray set-up. D Frame lined with 
plastic. E Thirteen shelves loaded with lined trays containing water

Table 4 Freeze-drying cycles used for MCP experiments

Phase Shelf temp (°C) Vacuum pressure 
set point (µBar)

Step hold 
time 
(HH:MM)

Freezing −50 N/A 04:00

Drying −50 01 01:00–02:00

Drying −40 01 01:00–02:00

Drying −20 01 01:00–02:00

Drying 0 01 01:00–02:00

Drying 10 01 01:00–02:00

Drying 20 01 01:00–02:00

Drying 30 01 01:00–02:00

Drying 40 01 01:00–02:00
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A2 = 1) (Scientific 2016). Product critical temperature 
(collapse)  Tc =  − 25 °C.

Deviations
There were two deviations to the original plan to note 
during execution of the commercial scale studies:

1) SP1 for lyophiliser 02 was conducted at a  Pc of 49 
µBar due to an inadvertent cut-off of the nitrogen 
gas supply inhibiting the lyophiliser control system to 
counter the overshoot of the 67 µBar set point upon 
initial evacuation. There is no impact to the study as 
the  Kv is expressed as a curve.

2) Due to an issue during loading of SP1 on lyophiliser 
01, data from shelves 7 and 13 could not be acquired. 
Thus, the  Kv data in this case accounts for shelf 1 only. 
There is minimal impact to the overall study conclu-

sion as two other cycles (SP2 and SP3) were conducted 
successfully for all three shelves to provide appropriate 
characterisation of the lyophiliser chamber. Calculated 
 Kv data also meets the expected curve fitting rationale 
in line with data points for SP2 and SP3.

Results and discussion
The following sections presents the acquired  Kv and 
equipment limitation data across the three commercial 
lyophilisers and the Lyostar II.

Figure 4A provides the overall mean  Kv results for the 
centre location population of vials commercial scale data. 
It is the average of the three shelves assessed.  Kv increases 
non-linearly with increased  Pc. The non-linear relation-
ship has been described previously, and the behaviour 
observed in the study is consistent with previous pub-
lished data T (Kawasaki et  al. 2019; Hibler et  al. 2012). 
 Kv was measured at SP2 for lyophiliser 03 only. The data 

Table 5 Freeze-drying recipe for part 2, gravimetric verification runs for lyophilisers (Lyo) 02 and 03

Phase Shelf Temp (°C) Vacuum pressure set point (µBar) Step hold 
time 
(HH:MM)

Freezing −50 N/A 2:00

Drying — verification cycle 1 −20 Lyostar II 63 10:00

Lyo 02 28

Lyo 03 31

Drying — verification cycle 2 20 Lyostar II 182 06:00

Lyo 02 78

Lyo 03 104

Fig. 4 Kv comparability data for commercial lyophilisers (Lyo) 01, 02, and 03 and laboratory scale (LS) lyophiliser. N = 18 data points for commercial 
scale lyophiliser (with the exception of SP1 Lyo 01), N = 6 data points for laboratory scale lyophiliser. A Centre vials  Kv. B Comparison of centre vials 
 Kv across shelves for SP2 (133 μBar)
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shows an equivalent  Kv profile for lyophilisers 01 and 02. 
The Lyostar II data demonstrates equivalency at 133 µBar 
(SP2), however exhibits a higher  Kv below 133 µBar and 
lower  Kv above 133 µBar when compared with the com-
mercial units. Therefore, at the specific  Pc set point of 133 
µBar (100 mT),  Kv measured was deemed to be equiva-
lent across all our lyophilisers evaluated. Differences in 
profile curves are likely a function of lyophiliser design 
and the relevant equipment specific dependency on con-
ductive and radiative heat input as convection changes 
with change in  Pc. A similar trend has been shared previ-
ously by Tchessalov who compared  Kv profiles as a func-
tion of  Pc across multiple lyophilisers (Tchessalov 2016).

Figure 4B shows the  Kv data by shelf for SP2. The graph 
illustrates not only the equivalence between the four 
lyophilisers but also the consistency within each indi-
vidual lyophiliser for  Kv from the top, middle and bottom 
shelves.

As outlined earlier in the manuscript and captured by 
Eq. 1,  Kv is directly proportional to  Tp. Once  Kv is estab-
lished, coupled with other inputs such as  Rp and lyoph-
iliser recipe set points, the  Tp profile can be predicted. 
Based on the  Kv values at 133 µBar, with an equivalent 
 Rp, it would be expected that the resulting  Tp would 
be equivalent for a given formulation across all four 

lyophilisers for main centre vial area. Where the primary 
drying  Pc set point is set above or below 133 µBar, then 
 Ts or  Pc may need to be adjusted at commercial scale to 
generate an equivalent  Tp profile in a given lyophiliser 
depending on  Kv.

Table 6 provides the a, b and c coefficients as per the 
non-linear regression fitting formula provided by Eq.  3 
for lyophilisers 01, 02 and the Lyostar II. Results are not 
displayed for lyophiliser 03 as only SP2 was conducted 
on this equipment. These coefficients can be utilised in 
primary drying prediction tools such as the one provided 
by SP scientific (Scientific 2016) or any other customised 
heat-mass transfer model.

Shelf temperature input for  Kv calculation
Supplementary  Ts data from the shelf fluid inlet, outlet 
and the shelf surface at the outlet and data collected from 
RTDs embedded in brass pucks within the Ellab shuttle 
located in the vial pack sitting in contact with the shelf 
surface is shown on Fig.  5. Figure  5A captures  Ts data 
from lyophiliser 03, SP2. As described in the “Materials 
and methods” section,  Ts surface at the inlet measured by 
RTD was used to calculate  Kv.  Ts surface at the inlet was 
chosen as it accounts for not only the shelf fluid but also 
the shelf stainless steel construction.

For the  Kv recipes provided in Table 5, the  Ts set point 
was 0 °C. The  Ts surface measured at the outlet was typi-
cally around 1  °C lower than at the inlet. This may be 
explained as due to heat energy flowing from the thermal 
fluid to the product to facilitate sublimation resulting in 
a colder outlet temperature. This was not so evident in 
the shelf fluid inlet and outlet data in this case as these 
readings were recorded from the main thermal fluid path 
manifold, and only 3 of the 13 shelves contained product.

Table 6 Coefficients for non-linear regression for 20 mL Schott 
vial lyophilisers 01 and 02 and Lyostar II

Lyo 01 Lyo 02 Lyostar II

R2 1 1 1

a 2.8066 2.1427 1.8591

b 0.1484 0.1668 0.2531

c 0.0046 0.0054 0.0122

Fig. 5 A Example of  Kv lyo cycle trace for shelf 4, Lyo 03 at SP2 (133 µBar). B  Kv for lyophilisers (Lyo) 02 and 03 calculated using various  Ts inputs  (Ts 
inlet,  Ts inlet surface,  Ts outlet and  Ts surface measured using the brass puck)
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Ts surface data collected from the brass pucks within 
the vial pack was 10 to 15  °C lower than the  Ts set 
point. This may be attributed to the sublimation cool-
ing impact of the vial pack impacting the shelf sur-
face. Also, with this apparatus, the puck temperature 
is likely an average of the shelf temperature the bot-
tom surface is resting on and the vapour temperature 
impacting the upper face that is not isolated. For this 
reason, we recommend using the  Ts surface inlet for  Kv 
calculations until further suitability of data collection 
via the brass puck method is established.

Figure  5B shows  Kv data calculated using various 
 Ts measurement inputs for lyophilisers 02 and 03. 
The data shows that whether using the  Ts thermal 
fluid data or  Ts surface data collected by the RTDs, 
the resulting  Kv calculations are comparable. How-
ever,  Ts surface recorded from the brass puck, which 

is arguably located more appropriately in proximity 
with the vials, results in double the  Kv values following 
the calculation. Previously published  Kv data has been 
calculated using the  Ts inlet and is consistent with our 
data shown in Fig.  5 calculated using the  Ts surface 
inlet (Tchessalov et al. 2021).

Kv edge vs centre
A distribution of  Kv across the shelves was generated by 
normalising the weight loss recorded for vials at the edge 
locations against the mean weight loss from the central 
location. It has been shown in the literature (Pikal et al. 
2016; Rambhatla 2003) the major factor for a higher  Kv at 
the edge relative to the centre is the radiative heat due to 
proximity with product chamber walls. Materials of con-
struction are also a consideration,for all laboratory and 

Fig. 6 Example of the  Kv distribution outlined as heat map for commercial scale lyophiliser 02, shelf 07, lyophiliser 03 shelf 04 and the laboratory 
scale lyophiliser, middle shelf at SP2 (133 μBar)
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commercial scale equipment used in this study, stainless 
steel walls and doors were used.

Figure 6 shows  Kv heat maps generated for the Lyostar 
II (A), lyophiliser 02 (B) and lyophiliser 03 (C). The edge 
effect is more prominent in the commercial units in com-
parison with the Lyostar II.  Kv at the edge for lyophilisers 
02 and 03 is up to 2 times that of the centre but only up 
to 1.5 times in the Lyostar II. For the commercial units 
at 3 vials deep from the edge,  Kv is more consistent with 
the centre vial (location C). Therefore,  Kv data calculated 
for location C is representative of approximately 87% of 
the 2322 vials on each shelf. The Lyostar II data shows 
 Kv is equivalent to that of the centre location at rank 2 
vials deep. These differences in  Kv raise questions regard-
ing the representative nature of edge vials at laboratory 
scale and how they represent the edge effect at com-
mercial scale. It should be noted that the vial pack was 
surrounded by a metal ring that sits in contact with the 
shelf surface in the Lyostar II. Pisano et al. discussed how 
metal bands provide an additional contribution to heat 
transfer via conduction due to contact with the edge vial 
while also shielding radiative heat input from the cham-
ber walls, thus reducing the heat input to edge vials (Pikal 
et al. 2016). There is still a radiative contribution by the 
metal band,however, it is limited as the surface temper-
ature is low (Pisano et  al. 2013). In comparison, during 
lyophilisation in the Lyomax system, the vials are not 
shielded from radiation which may explain why the edge 
effect is more prominent in the commercial scale units. 
For lyophiliser 01, the distance from the side edges of 
the shelf to the side walls is approximately 400  mm,the 
distance from the front and back edges to the adjacent 
wall/door is approximately 85  mm. For lyophilisers 02 
and 03, the distance from the side edges of the shelf to 
the side walls is also approximately 400 mm; however, the 

distance from the front and back edges to the adjacent 
wall/door is approximately 170 mm.

Figure  7 provides a summary of the average edge vs 
centre  Kv across SP1–SP3 (A) and a breakdown of the 
normalised edge vs centre factor per shelf (B). The figure 
was generated using values from the outer row of vials. 
The data provides further evidence showing consistent 
higher edge effect impact at commercial scale when com-
pared with the Lyostar II, particularly regarding lyoph-
iliser 01. Figure 7B provides some further insight; shelf 1 
of lyophiliser 01 shows the highest edge effect normalisa-
tion factor, where shelf 7 and 13 are comparable with that 
of lyophilisers 02 and 03. The closure proximity of the 
front and back shelf edges of lyophiliser 01 with the adja-
cent surfaces does not appear to impact the weight loss in 
these local areas when compared with lyophilisers 02 and 
03. Further assessment of the geometry specifically the 
ceiling area of lyophiliser 01 is required to further under-
stand this identified hotspot, and the elevated radiative 
contribution needs to be accounted for in process robust-
ness. In each case, for all 3 commercial units’, shelf 1 (top) 
presented the highest degree of edge effect, this is likely 
due to increased radiation as a result to proximity to not 
only the chamber walls but also the ceiling.

Other areas of consideration include the presence of 
sight glasses in the equipment walls and the contribu-
tion of radiative heat input from the Ellab shuttles. The 
Lyostar II has an integrated sight glass door. The com-
mercial lyophilisers have an integrated sight glass adja-
cent to shelf 13 in the back engineering side door as 
well as both side walls. There was no evidence of addi-
tional contribution of radiative heat at these locations; in 
these cases, the design of the site glasses includes a peak 
extending over the top of the glass minimising direct 
light entry to the chamber. Furthermore, as discussed 
previously for the Lyostar II, vials in this vicinity are 

Fig. 7 A  Kv difference between centre and edge vials and B normalised edge effect factor for  Kv for lyophilisers (Lyo) 01, 02 and 03 and the Lyostar II 
(LS) lyophiliser. Normalised weight loss data was used to calculate representative  Kv at the edge locations
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shielded by a metal band. There were limited preweighed 
vials placed adjacent to site glasses in the commercial 
units; thus, there is opportunity to investigate further. 
Vials in direct contact with Ellab shuttles showed consist-
ent weight loss with that of edge vials as detected during 
Lyostar II studies specifically with weight loss data asso-
ciated with Fig. 5A. Taking this into account, weight loss 
from vials in contact with Ellab shuttles was not included 
for over  Kv calculations for the Lyostar II. During com-
mercial scale studies, Ellab shuttles were placed strategi-
cally away from the seeded vials measured for weight loss 
to mitigate any impact to the resulting data.

It has been reported that radiative heat transfer is 
independent of pressure (Kuu et al. 2005). During these 
experiments however, a gradient was observed for the 
commercial scale equipment where the edge effect was 
more pronounced at lower  Pc. This may be explained 
because at lower pressures, the contribution of radiation 
to the  Kv is more prominent at the edge where overall  Kv 
across the vial pack becomes less dependent on convec-
tion. This observation is consistent for Lyomax lyophiliser 
data shared by Tchessalov (2016) who showed a more 
prominent edge effect for a Lyomax 6 at  Pc of 30 mTorr vs 
500 mTorr. In contrast however, the Lyostar II is in more 
agreement with literature and exhibits a consistent edge 
effect factor as a function of pressure. This may be due 
to the inclusion of the metal band around the vial pack 
resulting in an edge effect less dependent on pressure due 
to the reduction in radiative heat input. Overall, the data 
shows the requirements for consideration in scale-up, if a 
reduction in the  Pc set point is used to achieve a lower  Tp, 
but this might increase variability from edge to centre at 
commercial scale. Alternatively, lowering the  Ts set point 
may be more beneficial to minimise the risk of exceeding 
a critical product temperature.

The impact of radiation at edge locations has been well 
explained for primary drying (Pikal et  al. 2016; Ramb-
hatla 2003). In our experience at locations that exhibit a 

hotspot such as shelf 1 of lyophiliser 01,  Tp profiles meas-
ured during scale-up and technical transfer are impacted. 
Data collected from a scale-up technical batch for a 
sucrose-based formulation in the 20  mL SCHOTT vial 
used for these characterisation studies provided  Tp data 
at the edge of shelf 1 location A and the centre location 
C for a Lyomax 29. In this technical batch,  Tp measured 
data provided evidence of a hotspot at a similar location 
to that observed during the  Kv assessment of lyophiliser 
01.  Tp profiles measured using Ellab RTDs on shelf 1 for 
location A (n = 2) and for location C (n = 3) demonstrated 
worst-case edge vs centre  Tp profile from a Lyomax 29. 
During freezing,  Tp at location A trended approximately 
4  °C higher than  Tp at location C. During primary dry-
ing,  Tp trended approximately 2  °C higher at location 
A when compared with location C, and the duration of 
sublimation was approximately 15% shorter based on  Tp 
equilibrating with  Ts. During secondary drying,  Tp trends 
about 3 °C lower at location A than location C (data avail-
able in the associated supplementary material).

The edge  Tp characteristics observed during freezing 
and secondary drying during this technical batch may 
be attributed also to the chamber wall which in this case 
is not temperature controlled. Figure 8 shows data from 
lyophiliser 02 SP3 (200 µbar) where RTDs were fixed to 
the chamber wall adjacent to shelf 10 (empty shelf ) and 
shelf 13 (bottom shelf containing vials of water). Dur-
ing freezing, with  Ts at − 40  °C, the wall surface tem-
perature decreases gradually from ambient to between 
0 and − 5 °C. During primary drying with  Ts at 0 °C and 
 Tp <  − 30  °C, the wall surface temperature gradually 
increases to approximately 5  °C during 5  h of sublima-
tion. This information provides rationale for the edge  Tp 
behaviours described above, as the chamber wall surface 
temperature is higher than the  Ts during freezing and 
lower than  Ts transitioning from primary drying into sec-
ondary drying. This may directly impact  Tp at the edge.

Fig. 8 Kv lyocycle trace for lyophiliser 02 SP3 showing chamber wall surface temperature adjacent to shelf 10 and shelf 13
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As outlined previously, lyophiliser 03 is a single-storey 
configuration with the condenser chute opening adjacent 
to shelf 4. This is an area of interest as edge vials adjacent 
to the chute opening are not proximal to the chamber 
wall surface. This location may also have a localised vac-
uum pressure lower than anywhere else in the product 
chamber during primary drying due to proximity with 
the condenser (Kshirsagar et al. 2019). It was found that 
vials in this location exhibited comparable edge effect 
characteristics to other edge locations assessed (results 
not shown).

In summary, the data demonstrates a more significant 
edge effect at commercial scale where edge vials are not 
shielded from radiation in comparison with the Lyostar 
II where radiation is shielded by the steel ring surround-
ing the vials.  Kv and  Tp profiles of edge locations versus 
centre demonstrate the necessity for a robust formulation 
development and consideration during scale-up.

Impact of shelf inter‑distance on  Kv
Lyophiliser 01 has a shelf inter-distance of 100  mm. 
Lyophilisers 02 and 03 have a shelf inter-distance of 
110 mm. Data in this study suggests shelf inter-distance 
does not impact  Kv. This is in agreement with work per-
formed by Ganguly et al. who proposed using CFD mod-
elling that at an inter-shelf distance of 90 mm, there is a 
nearly uniform distribution in pressure (Ganguly et  al. 
2017).

Impact of load on  Kv
As outlined in “Materials and methods”, for commercial 
scale equipment, 3 of the 13 shelves were utilised for 
this study. The study design was considered to facilitate 
an assessment of the top, middle and bottom of the shelf 
stack under a limited commercial equipment capacity 
and primary packaging component availability. There are 
in this case some limitations to consider with respect to 
the data’s representation of fully loaded lyophiliser pro-
duction cycles.

It has been demonstrated that a full capacity load pro-
duces a lower  Kv and thus lower  Tp during sublimation 
with a longer primary drying duration (Patel et al. 2010). 
The calculated  Kv in this study could be higher than what 
is expected under full load conditions as a function of 
the thermal impact of a larger number of vials subject 
to sublimation cooling in the product chamber. On the 
contrary, the calculated  Kv in this study could also be 
lower than what is expected under full load conditions as 
a function of the gas composition in the product cham-
ber. Under maximum load conditions during sublima-
tion, there is a larger fraction of water vapour making 
up the gas composition in the product chamber. This 
reduces the nitrogen supply required to maintain vacuum 

pressure set-point control. During these experiments 
however, there was likely a larger fraction of nitrogen in 
the overall gas composition due to the lower load in the 
product chamber. Water vapour has a molecular conduc-
tivity about 60% higher than that of nitrogen (Nail et al. 
2017). Considering an identical experimental approach 
was taken for each commercial scale lyophiliser, there is 
minimal impact to the study’s comparability element. A 
confirmation  Kv study under maximum load conditions 
would further verify the data (Barresi and Marchisio 
2018).

Sublimation studies
Figure 9 shows the MCP trend from lyophiliser 02 as an 
example; trend data from lyophiliser 03 is not shown. 
As described in the method “Part 1: Minimal controlla-
ble pressure”, this data was generated as per part 1 of the 
study where the outputs were used to assess the equip-
ment choke flow regime and generate the equipment 
limitation boundary of maximum sublimation rate vs  Pc.

The graph illustrates how the incremental increases in 
 Ts influence not only the vacuum pressure but also the 
ice temperature, condenser coil temperature and  Ts sur-
face. The delta between the  Ts shelf fluid inlet and the  Ts 
surface measured by RTD increases as the degree of sub-
limation and the endothermic cooling increases showing 
the impact of ice under sublimation on the  Ts surface.

Figure 10 shows an overlay of MCP vs sublimation rate 
for lyophilisers 02 (horizontal configuration) 03 (vertical 
configuration) and the Lyostar II.

The data shows the equipment capability boundaries 
of lyophilisers 02 and 03 and the LyosSar II, inside which 
the operational space should be defined. Outside this 
boundary,  Pc control would be lost resulting in choked 
flow (Patel et al. 2010). An inflection point in the Lyostar 
II data represents the point at which the condenser 
is overloaded causing the unit to go into a “safe mode”. 
At this point, the condenser was no longer able to trap 
vapour which risks moisture entering the vacuum pump. 
During the commercial scale studies, this was avoided 
by monitoring the condenser coil temperature to ensure 
there was no risk to damaging commercial equipment.

Lyophiliser 02 offers the highest water vapour mass 
transfer capacity, whereas the Lyostar II unit is the most 
limited piece of equipment. Literature articles often 
describe scale-up scenarios where commercial equip-
ment is not capable of facilitating lyophilisation recipes 
developed at laboratory scale due to choke limitations 
(Pisano et  al. 2013). In this example however, the most 
aggressive recipe developed on the Lyostar II will not 
pose a risk of choke at commercial scale. Also included 
in Fig. 10 for comparative purposes is normalised Lyostar 
II data generated using TDLAS by Mockus et  al. which 
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provides further evidence of the higher capability of the 
Lyomax units when compared with a Lyostar model 
(Mockus et al. 2011).

The data also poses the question on condenser loca-
tion impact to performance. The  Kv assessment pro-
vided evidence of comparability between lyophiliser 
02 (Lyomax 29 vertical configuration) and 03 (Lyomax 

29 horizontal configuration). However, the equipment 
limitation assessment identified differences in perfor-
mance. In contrast to Kshirsagar et al., data generated in 
this study showed a broader equipment boundary with 
respect to the vertical condenser configuration. The CFD 
model presented by Kshirsagar assumes the absence of 
the mushroom valve at the condenser chute, whereas 

Fig. 9 MCP Lyophilisation trace for sublimation study. Part 1 on lyophiliser 02

Fig. 10 Equipment limitation data of the LyoStar II (LS) and commercial scale lyophilisers (Lyo) 02 and 03 in comparison with literature TDLAS data 
for Lyostar II by Mockus et al. Part 1 — refers to minimum controllable pressure cycles. Part 2 — refers to the gravimetric verification cycles executed 
considering part 1 results
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the valve was intact during the studies described in this 
experiment. Further consideration for lyophilisers 02 and 
03 with respect to the controlling capacitance manom-
eter vacuum gauge is required. The controlling capaci-
tance manometer is located in the ceiling of the product 
chamber; however, the distribution of  Pc across the prod-
uct chamber is likely to exhibit a gradient with proximity 
to the condenser which is more prominent in a vertical 
two-story configuration (Kshirsagar et al. 2019).

Another key variable to consider is the length and 
diameter of the condenser chute. Patel et  al. demon-
strated that gas velocity reaches the Mach I limit at the 
condenser chute exit under the choked flow conditions 
(Patel et al. 2010). The correlation between gas flow con-
ductance and chamber pressure depends on the geom-
etry of the chute where the dimensions are characterised 
by the ratio of chute length/diameter (L/D). For lyoph-
iliser 02, the chute length is approximately 2.4 m with a 
diameter of about 0.7 m resulting in a L/D of 3.4. Lyoph-
iliser 03 has chute length of approximately 1.7 m with a 
diameter of about 0.7 m resulting in a L/D of 2.4. Mach 1 
and subsequent choked flow is observed in lyophiliser 03 
at a higher  Pc at a given  Ts.

Applications and practical advice
The data provided in this paper has practical applica-
tions including building a design-space, scale-up, tech-
nical transfer and commercial performance. The value 
is understated where business requirements for multi-
product facilities require optimised cycle duration and 
efficient technical transfer that minimises impact on 
commercial demands.

Scale‑up and technical transfer
Technical transfer of a lyophilisation process can include 
both scale-up from a sending unit, i.e. process develop-
ment to a receiving unit, i.e. commercial manufacturing 
or even between commercial entities.  Kv and equipment 
performance information from both the sending and 
receiving unit equipment provides scientists and engi-
neers a means of predicting whether (1) the receiving 
unit will exhibit a comparable  Tp profile during primary 
drying, (2) the primary drying time is optimal, (3) the 
receiving unit has the mass transfer capability to facili-
tate the incoming recipe, and (4) the variability of the 
receiving unit equipment will impact product  Tp and 
CQAs. This information along with other key product 
characteristics such as dry layer resistance,  Rp, provides 
opportunity to mitigate the need for preprocess qualifica-
tion engineering activities. In our experience, a process 
design space should be developed and verified at labora-
tory scale where differences in performance for commer-
cial equipment should be considered to define scalability. 

It should be noted that this argument is only relevant 
when the vial, formulation and fill volume do not change. 
It also does not account the impact of environmental fac-
tors that lead to variability in  Rp such as the particle-free 
class 100 commercial manufacturing areas that impacts 
the product nucleation temperature during freezing 
(Jameel et al. 2001).

Figure  11 presents a process design space developed 
as an outcome from using the characterisation (heat 
and mass transfer) data inputted into a primary dry-
ing prediction model. Included is the equipment limi-
tation boundary of lyophilisers 02 and 03 along with  Ts 
and  Tp isotherms derived using the 20 mL SCHOTT  Kv 
data from lyophiliser 02. Further inputs into the model 
are a hypothetical process set point, and operating range 
established for lyophiliser 02 where an equivalent  Kv pro-
file for lyophilisers 02 and 03 was assumed. The purpose 
of including the equipment boundary for both lyoph-
ilisers is to demonstrate if the process set point that is 
within in the equipment capability limit for lyophiliser 02 
is at the edge of failure for lyophiliser 03. Thus, operating 
this process on both pieces of equipment may induce loss 
of pressure control due to choke flow in lyophiliser 03. To 
introduce a robust process in lyophiliser 03 may require a 
change in primary drying process parameters.

As described in Fig.  4, process transfer from the 
Lyostar II to either of the Lyomax 29 units using a  Pc set-
point above or below 133 µBar may require modification 
of either  Ts or  Pc to achieve an equivalent primary drying 
 Tp profile. It is preferable to not change process param-
eters during technical transfer. If product specifications 
cannot be met with existing parameters, modifications 
may be necessary. However, if a product formulation is 
robust enough where known differences in equipment 
characteristics and performance do not impact product 
quality, retaining the original sending unit parameters is 
favourable to reduce complexity during regulatory sub-
missions. This highlights the need for robust formulation 
and process development to ensure the delivery of com-
mercialisation and technical transfer-friendly products.

Engineering batches
Engineering batches are performed to build confidence 
prior to process validation (PV). Engineering batches 
however often consume commercial production capacity. 
Lyophiliser characterisation data can reduce the work-
load required to demonstrate process performance prior 
to PV with the potential to even remove the requirement 
for engineering batches (assuming the appropriate pro-
cess understanding of not only lyophilisation but all other 
unit operations such as thawing, compounding, filtration 
and filling).
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When an engineering batch is required and there are 
product material constraints, a co-load approach is often 
employed. The co-load approach involves the filling of 
vials with a surrogate buffer that exhibits equivalent 
physical attributes such as solid content, density, viscos-
ity and  Tp profile (demonstrated at laboratory scale). This 
can be applied to maximise lyophiliser capacity while also 
providing the opportunity to seed product-filled vials 
into strategic locations for lyophilisation and retrieving 
them after for analysis such as residual moisture.

Another consideration for engineering batches is when 
a lyophiliser has been already characterised for mass 
transfer capability or historically has manufactured a 
product with known higher mass transfer rate demand. 
In this scenario, completing a reduced load engineer-
ing batch may be more beneficial to verify worst-case  Tp 
conditions during sublimation. As discussed previously, 
a maximum capacity batch will sublime at a slower rate 
with a lower  Tp and challenge the equipment, i.e. the 
condenser capacity and choke limit (Patel 2011). Thus, a 
minimum batch size represents worst case for the prod-
uct, i.e. performing a minimum load assessment may 
provide an opportunity to assess worst-case high  Tp dur-
ing sublimation under reduced load conditions.

Supplementary scale-down process robustness assess-
ments at the design space boundaries should also be con-
ducted to provide further supporting data.

Process validation
As stated in the European Medicine Agency guidelines 
(Agency 1995) “data should be provided in the dossier 
on a number of consecutive batches at production scale 

prior to approval. The number of batches should be 
based on the variability of the process, the complexity of 
the process / product, process knowledge gained during 
development, supportive data at commercial scale dur-
ing technology transfer and the overall experience of the 
manufacturer. Data on a minimum of 3 production scale 
batches should be submitted unless otherwise justified. 
Data on 1 or 2 production scale batches may suffice where 
these are supported by pilot scale batches and a justifica-
tion as highlighted above”. For initial commercialisation 
process performance qualification (PPQ) approaches, 
it is common to provide a data set from at least three 
batches executed on the same lyophiliser. However, as 
described in the extract above, agencies provide oppor-
tunity to simplify PPQ strategies based on providing fur-
ther supporting data along with demonstrated technical 
competency. A good opportunity to apply this approach 
is when performing PPQ for more than one lyophiliser, 
product strength or batch size. A key element to this is 
a demonstration of equipment comparability which pro-
vides the basis for bracketed PV strategies. For instance, a 
position could be made to include two lyophilisers as part 
of the PV strategy utilising three PV batches (covering 
minimum and maximum loads) or a single PV batch for 
one lyophiliser. A comparability package for the qualifica-
tion of two lyophilisers is proposed to provide a strong 
justification for such strategies:

• Equipment design and specification
• Initial equipment installation qualification and oper-

ational qualification data
• Annual equipment re-qualification

Fig. 11 Example of primary drying design space including choke flow limits for lyophilisers (Lyo) 02 and 03
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• Vial heat-transfer coefficient data
• Equipment mass transfer capability — differences 

may be acceptable as long the process will operate 
within the safe zone of the receiving unit’s equipment 
design space.

• Benchmarking of engineering batch or other exist-
ing commercial product performance and  Tp data if 
available

• Primary drying model — to simulate conditions as 
part of scale-up and qualification in the case of a 
new product, simulation of commercial process in 
another lyophiliser in the case of a commercial tech-
nical transfer.

Shelf mapping
During PV, it is often requested by agencies to provide 
shelf-mapping information, a validation of homogeneity 
demonstrating product quality is equivalent at various 
locations across the chamber. A typical approach is the 
“star” method where upon completion of a lyophilisa-
tion PPQ batch, vials area sampled from the four corners 
and the centre of each shelf and analysed (Jameel et  al. 
2001; Huang 2016). Lyophilisers 01, 02 and 03 contain 
13 shelves each,thus, full shelf mapping would gener-
ate 65 locations to be analysed per batch. This is frankly 
not a practical scenario for a commercial production 
and analytical testing facility.  Kv studies described in 
this paper provide a means of positioning reduced sam-
pling requirements based on a data set identifying the 
best and worst locations within the product chamber. 
Consistently, throughout the studies, the highest  Kv was 
observed at the edge locations of top shelf represent-
ing the worst-case location. The centre locations were 
equivalent at the top, middle and bottom shelves. This 
knowledge provides the basis for a simplified approach. 
For instance, one could propose the star method for the 
top shelf (5 locations; centre and the 4 corners) and sup-
plement a number of other locations throughout the shelf 
stack to provide a sample set large enough to complete 
hypothesis testing, i.e. 20 locations in total. Generat-
ing power curves for a 2-sample t-test assessment for an 
identified product attribute with known vial-to-vial vari-
ability will provide a statistically significant sample num-
ber recommendation to detect a shift in a mean value 
between two pieces of equipment.

A justification to reduce the number of shelf locations 
required from 65 to 20 for a commercialisation PV pro-
gramme results in product material and resource sav-
ings without compromising the integrity of the technical 
transfer. If we consider four analytical methods to be in 
scope during shelf mapping, we can reduce the labora-
tory test number from 260 to 80 per maximum load PV 

batch. Where three PV batches are being conducted, this 
would be a reduction from 780 to 240 analytical tests 
for the full campaign. Where validated laboratory qual-
ity analytical methods are required, daily throughput can 
be slow and analyst resources and laboratory equipment 
capacity limited; this approach provides a more efficient 
technical transfer while lowering opportunity for labora-
tory errors.

Further considerations
Manufacturing excursions
Kv coupled with  Rp information are key inputs to primary 
drying predictive tools (Tchessalov et al. 2021; Leys et al. 
2020).Outputs include  Tp and primary drying duration. 
Manufacturing excursions impacting  Ts and  Pc directly 
impact  Tp.  Tp is the most critical parameter during 
lyophilisation yet not generally monitored during com-
mercial operations. Up-front product and process char-
acterisation provide a means to simulate the impact to  Tp 
upon loss of  Pc or  Ts control during investigations.

Execution of equipment characterisation
Based on our experience, to conduct these studies on 
commercial scale equipment, the best opportunity is to 
do so during commissioning/installation. Retrospective 
characterisation requires further consideration such as 
impacting commercial manufacture capacity and quality 
requirements for placing new materials into GMP equip-
ment. Associated clean rooms for filling and lyophiliser 
loading may also need to be disabled requiring further 
cleaning and sterilisation activities. Maintenance shut-
downs may provide opportunity to generate supporting 
data from existing commercial data while minimising 
impact to commercial operations. Integration of  Tp and 
other parameters obtained from engineering batches in 
existing heat-mass transfer models and comparison with 
small-scale models further enhances equipment charac-
terisation understanding.

Use of gravimetric methodology vs process analytical tools 
(PAT)/quality by design (QbD) tools
While new PAT/QbD tools such as tunable diode laser 
absorption spectroscopy (TDLAS) are being established 
to provide real-time output of gas flow and derivative  Tp, 
it provides an estimated batch average  Kv (Jameel et  al. 
2001). The accuracy of the instrument for process output 
is dependent on more precise directly measured  Kv infor-
mation such as that generated from studies such as the 
gravimetric approach. Furthermore, the average methods 
such as TDLAS still do not provide a means of assess-
ing the worst-case locations within a lyophiliser cham-
ber. In summary, accurately measured  Kv coupled with 
TDLAS provides a very strong data gathering system for 
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real-time performance. Where cost may be a limiting fac-
tor to acquire equipment limitation information using 
TDLAS, it is still a viable option to generate this data 
using traditional gravimetric methods.

Temperature monitoring equipment
Nail et  al. recommended the use of fine gauge thermo-
couple for measurement of  Tp which offers better oppor-
tunity to measure at the centre of the vial touching the 
base in comparison with other technologies such as 
RTDs (Nail et al. 2017). In our experience, we agree with 
this conclusion in the case where a  Tp profile of pharma-
ceutical product is being measured. As discussed previ-
ously, the  Tp profiles illustrated in Fig.  9 were recorded 
using RTD probes of the inflection point at the end of 
sublimation is not well defined due to point of measure-
ment in the vial which presents a gradual  Tp equilibra-
tion with  Ts trend. For the purpose of  Kv studies where 
 Tp data for partial sublimation of purified water with no 
 Rp is being collected using RTDs, our experience was 
positive. As illustrated in Fig. 4,  Tp profiles acquired for 
 Kv studies were consistent and reproducible. Another 
study comparing thermocouples, RTDs and the Tempris 
system showed variability in  Kv calculation between the 
systems is within the variability of centre to edge  Kv val-
ues (Gervasi 2020). Regardless, it makes practical sense 
to use the same systems where possible when comparing 
different pieces of equipment.

Conclusion
Lyophiliser characterisation is a valuable exercise that 
requires upfront investment of time and resources. The 
benefits demonstrate a premium level of process knowl-
edge that drives enhanced technical support for technical 
transfer, commercial manufacturing and life cycle man-
agement. In this study, we aimed to assess and compare 
the heat and mass transfer attributes of one laboratory 
and three commercial scale lyophilisers using a 20  mL 
vial and apply the data to support technical transfer and 
operational activities.

Our characterisation data showed the  Kv profile meas-
ured for the Lyostar II exhibited differences when com-
pared with that of the commercial equipment with 
equivalency at an intersection at 133 µBar. The edge 
effect was shown to be most prominent at commercial 
scale with minimal shielding of the edge vials in contrast 
to the presence of a metal ring around the vial pack in the 
Lyostar II. Equipment limitation boundary was shown 
to be better for commercial scale equipment when com-
pared to the Lyostar II. Furthermore, differences were 
also detected between the same model of commercial 

equipment with alternative condenser orientation (hori-
zontal vs vertical).

Examples of equipment characterisation and predictive 
modelling are limited and not typically provided in an 
end-to-end package but rather in separate case studies. 
Collectively, our data was compiled in this study to pro-
vide a full package of heat and mass transfer data across 
our laboratory and commercial scale equipment. The 
application of this comprehensive database resulted in 
stronger justifications for the strategies used in commer-
cial scale activities including the reduction of engineering 
and validation batches while reducing the risk of failure 
during scale-up and technical transfer. Existing guidance 
for the application of best practises for process charac-
terisation and validation is in some cases not practical to 
apply due to the complexity, required time and general 
resources. The experience gained in these studies dem-
onstrated realistic approaches and subsequent shared 
advice for building a strong technical package.

It is recommended to perform such experiments if pos-
sible, during commissioning/qualification. Hybrid studies 
can be executed in the event manufacturing equipment 
time is limited. It is also recommended where possible 
to include additional vial sizes and load sizes to create a 
more comprehensive data package especially for multi-
product facilities. The generation of  Kv at laboratory and 
commercial scale for a given vial along with performance 
characteristic data will help with better scale-up and 
PPQ strategies, thereby reducing commercial equipment 
capacity needs, resource requirements and overall cost. 
This will also be valuable in supporting manufacturing 
and better understand true impact in the event of manu-
facturing deviations during the lyophilisation cycle for a 
given clinical late stage or commercial batch.
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