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V a c c i n e s  ACCELERATION

Inactivated Poliovirus Vaccine  
Made in Modular Facilities with 
Single-Use Technology 
Potential for Local, Sustainable Production  
in Low- and Middle-Income Countries

Adriana G. Lopes, Andrew Sinclair, and Nigel Titchener-Hooker

I f current efforts to eradicate 
polioviruses worldwide are 
successful, then the oral poliovirus 
vaccine (OPV) currently used for 

routine immunization in low- and 
middle-income countries (LMICs) 
will be replaced by inactivated 
poliovirus vaccine (IPV). IPV will 
become the only option for such 
countries if they want to continue to 
vaccinate against polio (1). Because 
IPV is currently considered to be too 
expensive for use in LMICs, strategies 
are being undertaken to make IPV 
more affordable (2). Some experts 
estimate that in 5–10 years there will 
be a lack of IPV manufacturing 
capacity worldwide (3). That will most 
affect LMICs, which depend on 
external vaccine supplies. So 
expansion of existing facilities (or 
building new ones) will be key to meet 
future demand. Here we examine the 
use of alternative technologies such as 
modular manufacturing facilities and 
single-use equipment as means to 
improve IPV affordability and 
capacity.

Main Drivers for Implementation of 
Modular Facilities and Disposables in 
Vaccine Production: One major 
argument for modular facilities is their 
time savings over a conventional 
construction approach (4). Even 
though the initial cost for using 

modular facilities exceeds that of 
conventional methods, an assurance of 
predictable outcome and time savings 
provides earlier return on investment 
for clear cost savings. Time is saved by 
conducting activities in parallel, which 
allows for significant compression of 
tasks (Figure 1). With all construction 
undertaken in a controlled 
environment, results are consistent 
and quality is enhanced. Equipment 
installed within each module (at its 
final operating location) will require 
no reassembly or extensive retesting. 
The building and fit-out of modules 
to good manufacturing practice 
(GMP) specifications in an external 
environment provides further benefit 

when applied to LMICs because 
technical skills required to complete 
and validate a facility to suitable 
specifications would not be required 
within the country itself.

Single-use technologies typically 
allow for a simpler facility design than 
their stainless-steel counterparts 
because complex clean-in-place (CIP) 
and steam-in-place (SIP) systems are 
no longer required to support the 
equipment between operations. So 
disposables facilitate faster design, 
construction, and commissioning of 
facilities as well as offering 
manufacturing f lexibility through the 
reconfiguration of manufacturing 
suites. A smaller, less complicated 
facility can be built, commissioned, 
qualified, and validated in 12–18 
months rather than four years (5).

The scale of viral vaccine production 
is generally smaller than that of many 
other processes (ranging 500–2,000 L), 
so known limitations of scale involved 
with single-use technologies (max 
2,000 L) can be advantageous for this 
application. Compared with traditional 
approaches, single-use technology 
offers many benefits for vaccine 
manufacturing (6, 7):

• Fast turnover maximizes facility 
output (no CIP or SIP operations).

• Reduction of capital investments 
is linked to reduction and 
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simplification of facility design and to 
lowered equipment investment.

• Viral production must be handled 
in a biosafety containment level 3 
environment. Single-use technology 
simplifies production areas because of 
smaller equipment footprints, lower 
ceiling heights, and elimination of 
water-for-injection and steam utilities.

Our aim is to evaluate the potential 
of using these alternative technologies 
— modular facilities and single-use 
technology — for affordable and 
sustainable IPV production in LMICs.

Approach and Methodology

We evaluated the affordability of IPV 
based on a cost-of-goods-sold (COGS) 
analysis and the resulting manufacturing 
cost per dose. We determined the 
economic sustainability of a facility by 
simulating cash-flow, net present value 
(NPV), and return on investment (ROI). 
Using those criteria, we compared the 
feasibility of three scenarios:

• Traditional (baseline) — 
manufacturing IPV in a traditional 
facility using standard stainless steel 
equipment

• Hybrid — manufacturing IPV in 
a modular facility using a mixture of 
standard stainless-steel equipment 
(filtration and chromatography 
columns) with some single-use 
technology (bioreactor, product hold, 
and buffer/media preparation)

• Disposable — manufacturing IPV 
in a modular facility using only single-
use technology throughout.

We used the commercially available 
Biosolve process software from 
Biopharm Services to undertake our 
COGS analysis, to simulate the 
project’s cash f low, and to estimate 
NPV and ROI.

IPV Process and Assumptions

The IPV production process details 
and sequence of operations used in 
BioSolve process software for analysis 
of all scenarios are based on a process 
(Figure 2) developed by Van Wezel in 
1989 (8). It is meant for production of 
any type of monovalent bulk supply of 
IPV (type 1, type 2 or type 3). Once 
manufactured, those monovalent bulk 
types are combined to make a trivalent 
bulk vaccine.

Assumptions: We considered all 
facilities to be “new builds” and used 
the same scale of operation throughout 
all facilities/scenarios. Single-use 
technology was assumed to achieve 
similar performance levels to their 
stainless steel counterparts. Modular 
facilities have the same cost of 
construction as traditional facilities.

Results

IPV Process: The IPV manufacturing 
process used in BioSolve for analysis of 
all scenarios is based on a 1,000-L 
scale process developed at the 
Netherlands National Institute for 
Public Health and the Environment 
(8). The Biosolve program provided 
IPV manufacturing process details 

Table 1:  IPV process details obtained from BioSolve software

Process Sequence
Concentration 

(Particles/L)
Volume 

(L) Particles
Yield 

(%)
Time 

(h)
Feed 0.0 0.1 0.0
Cell culture 1 0.0 1 0.0 100% 181
Cell culture 2 0.0 10 0.0 100% 181
Cell culture 3 0.0 100 0.0 100% 181
Cell and virus culture 6.2 × 1011 1,000 6.2 × 1014 100% 280
Depth filtration 6.1 × 1011 1,000 6.1 × 1014 98% 7
Ultrafiltration/diafiltration 3.0 × 1014 2 6.0 × 1014 98% 9
Size-exclusion chromatography 3.9 × 1013 10 4.0 × 1014 68% 6
Ion-exchange chromatography 2.4 × 1013 10 2.5 × 1014 62% 7
Sterile filtration 2.4 × 1013 10 2.5 × 1014 98% 3
Virus inactivation 8.8 × 1012 15 1.3 × 1014 52% 293
Final (monovalent IPV) 8.8 × 1012 15 1.3 × 1014 21% 1,147

Figure 1:  Timeline for a traditional construction project and a modular construction schedule
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site construction

Figure 2:  Diagram of IPV process steps used in BioSolve analysis based on Van Wezel process 
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(Table 1) based on a 1,000-L virus 
culture with an expression level of 6.2 
× 1011 virus particles per liter of culture 
and an 80% facility capacity. That gave 
an overall yield of 21% in a process 
total duration of 1,147 hours (48 days).

Baseline Scenario — COGS Analysis: 
The traditional facility (with only 
stainless steel equipment used 
throughout) represented a baseline 
scenario for comparison with 

alternative scenarios using modular 
facilities and single-use technology. 
Table 2 summarizes yearly process 
outputs and resulting cost/dose of 
monovalent IPV for this baseline. 
These results were successfully 
validated against a reported throughput 
of ~106 doses per run from a 1,000-L 
virus culture and an estimated 
production cost for monovalent IPV of 
US$1.50/dose (8). The production 

process, number of batches per year, 
and throughput (number of doses per 
year) defined here were the same for all 
scenarios evaluated.

Figure 3 summarizes the COGS 
breakdown of the baseline obtained 
from Biosolve analysis. The cost/dose 
of IPV is dominated by capital costs, 
which represent 51% of all costs. That 
is the result of costly traditional 
facilities with stainless-steel equipment.

Baseline Scenario — Sensitivity 
Analysis: We also analyzed the impact 
of operational variables such as 
capacity use, the number of fermentor 
vessels, and the operational scale on 
IPV production cost/dose for each 
scenario (Figure 4). Our sensitivity 
analysis results suggest that increasing 
the throughput of a facility by either 
running it at maximum capacity 
(100%), increasing the operation scale 
(to 1,000 L), or increasing the number 
of virus-production vessels (3 × 
1,000 L) would provide significant 
cost savings and result in lower 
manufacturing cost/dose of IPV. The 
lowest cost/dose was achieved using 
three fermentor vessels. Vaccine 
manufacturing involves economies of 
scale. Increasing the number of 
fermentor vessels could be gradually 
phased into a facility by building add-
on modular upstream suites as 
required. The increase in capacity 
would not be easily achieved in a 
traditional facility using stainless steel.

Table 2:  Yearly outputs and cost per dose for baseline scenario.

IPV Batches/Year Throughput Cost/Dose (US$)

Monovalent 18 1.8 × 107 doses/year $0.50

Trivalent 7 7.1 × 106 doses/year $1.25

Table 3:  Percentage of change for each scenario from baseline

Yearly Comparison
(Baseline) 

Traditional

% Change

Hybrid Disposable
Total capital cost US$ 21,763,064 –50% –48%

Annual CoG (US$) 8,879,568 –40% –33%

Capital 4,557,907 –50% –48%

Materials 1,502,865 –3% –3%

Consumables 145,831 233% 631%

Labor 1,512,049 –64% –71%

Utilities 1,160,916 –51% –49%

Other Metrics

Total water use (kg/batch) 49,500 –94% –96%

Plastics waste (kg/batch) 30.19 312% 455%

Equipment footprint (m2) 48.90 –52% –64%

Total Man Hours per batch (h) 599.15 –75% –79%

Cost per dose* (US$) 0.50 –40% –33%
* Monovalent IPV

Figure 3:  COGS (US$) of baseline obtained 
from BioSolve analysis
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Parameter     Dose      Batch          Year 

Capital                 0.26     253,217    4,557,907 

Materials             0.08       83,493    1,502,865 

Consumables    0.01          8,102       145,831 

Labor                   0.09        84,003    1,512,049 

Utilities                0.07       64,495    1,160,916  

TOTAL                 0.50     493,309   8,879,568 

Figure 4:  Effect of capacity use, number of fermentors, and fermentor scale on cost per dose of 
trivalent IPV
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Single-Use Technology — COGs 
Analysis: We assessed two alternative 
scenarios using single-use technology 
for IPV production and compared 
them with the baseline: a hybrid 
facility using a combination of 
stainless-steel equipment and single-
use technology and a fully disposable 
facility using only single-use 
technology. Table 3 summarizes 
results of the COGS analysis with a 
percentage of change between each 
scenario and the baseline.

Using single-use technology (in 
either a hybrid or fully disposable 
facility) provided the following results:

• Reduction of capital cost by ≤50% 
by replacing stainless-steel with single-
use equipment (capital cost having 
been established as the main driver for 
increasing the affordability of IPV)

• Reduction of equipment footprint 
(by 52–64%), which contributes to a 
smaller facility and therefore lower 
capital investment

• Increase in consumables and 
waste generation (plastics) by 631% 
and 455%, respectively — requiring 
appropriate incineration facilities to 
treat plastic waste

• Reduction of labor cost by ≤71% 
(total work hours reduced by ≤79%) 
and utilities cost by ≤51% (water 
consumption reduced by ≤96%) with 
fewer cleaning requirements of single-
use technology — a significant 
advantage in LMICs, where clean 
water, waste cleaning facilities, and 
qualified labor are in their infancies 
and frequently unreliable

• Reduction of overall annual 
COGS by ≤40% and, as a result, also 
a reduction in the manufacturing cost/
dose of IPV.

The hybrid facility, however, 
presented greater cost savings than did 
the fully single-use facility and 
provided the lowest cost/dose of IPV. 
Increased COGS from the that 
facility were mainly due to the 
additional costs associated with the 
ultrafiltration/diafiltration (UF/DF) 
step and prepacked columns. 
However, that facility presented 

greater advantages than the hybrid 
facility because it lowered water 
consumption, reduced labor 
requirements (work hours) due to fast 
set-up, and decreased space 
requirements for the equipment, 
storage, and cleaning operations (for a 
smaller overall facility footprint).

Modular Facility — Cash-Flow 
Analysis, NPV, and ROI: We undertook 
a cash-flow analysis of these scenarios 
to take into account the use of 
modular facilities (Figure 6). It was 
previously assumed that modular 
facilities would have the same cost of 
construction as traditional facilities, so 
only through this analysis could we 
examine their impact on investment.

Previously it has been shown that 
facilities based on single-use 
technology can reduce the 
manufacturing cost per dose of vaccine 
when compared with wholly stainless 
steel facilities. We’ve shown that using 
modular facilities in conjunction with 
single-use technology makes it an even 
more attractive option. Combining 
these technologies provides time 
savings over a traditional facility 
construction and consequently offers 
an earlier return on the initial capital 
invested. Traditional facilities take 
longer to build and require higher 
up-front capital.

Single-use technology alone helps 
simplify facility design and reduce 
costs. That reduction arises from the 
ability to delay expenditures from the 
start (as with procurement of stainless 
steel equipment) to production-based 
spending on consumables (off-the-
shelf equipment and ready-to-use 
components). This shift in cost 
structure reduces overall costs by 
moving them to a later point in the 
life cycle of a facility (9).

Combining modular facilities and 
single-use technology also allowed for 
faster builds by reducing f loor area 
required by the facility. And 
disposable equipment is bought “off-
the-shelf.” That lowers design 
requirements and hence reduces 
project timelines and leads to an 
earlier break-even point.

Table 4 shows the NPV, ROI, and 
break-even points for each scenario we 
analyzed. Modular facilities with 

Assumptions for Cash-Flow, 
NPV, and ROI Analyses

• Price per dose: baseline cost per dose 
(US$0.50)

• 10-year project duration beginning in 
2013

• Real discount rate: 13%

• Inflation: 2%

• ROI based on NPV

Figure 5:  Cash-flow analysis of using modular facility
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Table 4:  Summary of NPV, ROI, and break-even for each scenario analyzed

Parameters Traditional Hybrid Disposable
NPV (US$M) –4.7 9.1 11.1

Total Capital (US$M) 21.8 13.4 13.9

ROI (per year) –2.1% 6.6% 7.9%

Break-even point 2026 2018 2018



single-use technology gave positive 
NPV and ROI values as well as lower 
capital expenditure and a faster break-
even point (eight years earlier) than a 
traditional facility using stainless-steel 
equipment.

Building Blocks

Economically sustainable access to 
affordable vaccines is an important 
component of health care, which in 
many LMICs continues to be limited. 
Our study provides a first step toward 
constructing a road-map that can lead 
to alternative manufacturing solutions 
that can be more suitable to the needs 
and infrastructures available in such 
countries. We have shown that 
combining technologies such as 
modular facilities and single-use 
technology may provide an answer to 
self-sustainable and affordable 
production of IPV to supply LMICs. 
Using Biosolve software in this way 
has allowed for cost-based decision 
making before capital commitment, 
ensuring that public vaccination 
strategies represent the best value for 
money spent.
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