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Abstract

Vaccines are typically produced in large facilities to take advantage of economies of scale. However disease outbreaks
are often local in nature and require flexible, small-scale production, especially in regions with poor infrastructure. In
this work, mobile on-demand vaccine production is explored as a solution to future outbreaks. An mRNA vaccine pro-
cess is scaled down to the size of two 20-foot shipping containers, so that 10,000 vaccine doses can be produced in one
batch in less than 16 hours. The container is self-sufficient except for the regular resupply of water and electricity be-
ing able to produce 100 batches without resupply raw materials and consumables. The final cost per dose is estimated
to be 25 e with a likely range between 4 to 45 e depending on dose size, raw material prices, and other underlying
assumptions. The practicality of a container-based facility at the presented scale is demonstrated by two case studies.

1. Introduction

Overcoming a pandemic is a global task and putting a quick
end to it is of paramount international importance. We
are currently witnessing a missed opportunity among the
wealthy nations to help the developing world to respond to
the COVID-19 pandemic. Although organizations such as
the World Health Organisation (WHO) appeal for interna-
tional cooperation from the beginning of the pandemic, the
current global distribution of vaccines does not reflect this.
WHO health officials recently pointed out the potentially
disastrous consequences of this so-called vaccine national-
ism [1]: We are playing a game of chance against evolution,
and we keep giving evolution extra dice. While the wealth-
iest nations, home to 16% of the world population, reach
herd immunity, the spread of the disease continues in de-
veloping countries. As was confirmed in late 2020, the rising
numbers of infections facilitate the emergence of new virus
variants [2], against some of which the vaccines currently
available are less effective [3]. Some mutations might even
increase the virus’s mutation rate itself [4]. If a variant
emerges, which resists antibodies formed against the cur-
rently existing strains, the wealthy nations’ neglect of the
developing world could effectively cost them their precious
herd immunity.
Providing vaccines to developing countries is not only a po-
litical, but above all, a technical and logistical challenge.
Some vaccines require transport and storage at -80 ◦C [5].
With a mobile, decentralized vaccine production unit, we
provide an answer to the logistical challenges and give devel-
oping nations the opportunity to produce their vaccines on
a national scale. Small-scale production of pharmaceuticals
has received some attention in the past, e.g. [6]. These pro-
cesses can be tailored in size for clinical trials [7], adapted
to flexibly produce at different scales [6], or intended for
large-scale production through scale-out [8]. In particular,
the idea of small-scale vaccine production has evoked, for

example, a patent on a small-scale transcription reactor for
nucleic acid vaccine production [9], but an overall comple-
mentary concept for practical implementation is still miss-
ing.
In this work, a suitable process for vaccine production is
identified and adapted for modular on-demand manufac-
turing. The inherent modularity and autonomy of the ship-
ping container-based solution promises a flexible applica-
tion across all levels of development and population density.
Moreover, bypassing the step of scaling up the production
process by instead numbering-up in containers, allows to
potentially achieve a faster time to market e.g. due to long
construction times of centralized plants [10].
The following chapters are structured as follows: First, dif-
ferent production platforms are evaluated with regard to
their suitability for MODmanufacturing. A platform is cho-
sen and a generic production process is identified. Next, a
process flowsheet is developed to determine mass and energy
balances. The production process and necessary utilities are
then scaled and adapted for the container to work as inde-
pendently of its environment as possible. Subsequently, the
presented concept is analysed with a focus on the economic
aspects. Finally, two case studies are presented, showing
the applicability of the system in different scenarios while
proposing a way to systematically locate the containers us-
ing mathematical programming.

2. Technology Screening

Over decades of development, biotechnology has produced
an immense variety of vaccines and vaccine production plat-
forms. Attenuated and still active viruses to combat the
mumps virus, deactivated viruses against hepatitis and a
protein against tetanus are some examples [11, 12]. Another
class of vaccines has emerged in the field of nucleic acid vac-
cines. Examples include DNA vaccines against influenza or



HIV and the recently approved mRNA COVID-19 vaccines
from BionTech/Pfizer and Moderna [5, 11]. The large vari-
ety of vaccines are produced by a wide range of processes.
Thus the choice of the vaccine production process is highly
case-sensitive, which makes a general ranking of different
production processes challenging.
For the selection of the production process in the con-
tainer, the three production platforms yeast, Chinese Ham-
ster Ovary (CHO), and the in-vitro transcription of mes-
senger ribonucleic acid (mRNA) are considered. The three
major indicators for the design of such a production process
are the techno-economical as well as the biological aspects
and the pandemic response.These indicators are evaluated
inside a benefit analysis [13], where each criterion is further
subdivided and weighted. Each sub-criterion is rated from
1 (poor) to 5 (very good) with the intermediate scores of
2 (less bad), 3 (neutral) and 4 (good). The sub-criteria as
well as the argumentation for the selection can be found
in the supplementary information (SI 1). The summary of
the selection is expressed in the mean values of the three
criteria and visualized in Figure 1.
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Figure 1: Results for the three production processes of the
main indicators

All three processes differ fundamentally in the produced
vaccine. Yeast, for example, is used to produce proteins
that assemble into virus-like particles. Mammalian cells
such as CHO are best suited for the production of inactive
viruses. The mRNA technology is used to stimulate pro-
tein formation in-vivo [11, 14]. All three approaches are
established on the market in terms of techno-economic ap-
plicability. There are differences in the ratings of the sub-
criteria for the evaluation of the techno-economic aspects,
but when considering the mean value, a balanced result of
4.125 (good) is obtained for all processes, as shown in Fig-
ure 1.
Considering the biological aspects, yeast has a lower score
than the other two processes. This can be explained by the
CHO cells having a human-like folding and glycosylation
pattern [15]. Proteins produced by yeast cells, on the other
hand, must be humanized, which compromises productivity
and secretion [16]. The release of the vaccine components
into the culture medium requires a cell disruption for yeast,
whereas the CHO cells and the in-vitro transcription of the
mRNA do not. More specifically, no cells will be required
for the production of the mRNA.
When it comes to the aspect of pandemic response, reports
from both the outbreak of COVID-19 in 2019 and MERS-
CoV in 2012 show clear trends of mRNA being the quick-
est to reach phase III trials, followed by inactivated virus
vaccines, which are usually produced by mammalian cells.

Protein vaccines, produced by yeast cells are ranked last
due to the in-depth knowledge about the virus that is re-
quired for their development [17–20]. The in-vitro mRNA
process is expected to exhibit even faster development times
for new pathogens after this pandemic, as a previously de-
signed process can be used for a new vaccine with close to
zero changes to the process itself. This concludes the re-
sults of the third and last category, the pandemic response,
with mRNA achieving a rating of good and the other two
a rating of less bad.
In summary, mRNA emerges from this evaluation as the
best conceivable approach. In the following, a process con-
cept for the production of a mRNA vaccine will be devel-
oped.

3. Generic mRNA Production Process

In the following sections, a generic process for the produc-
tion of mRNA vaccine is presented. A gene expression of
the coronavirus spike protein, composed of about 2000 nu-
cleotides (nt), is used as an example in this study. However,
the process can be used to construct and purify any mRNA
vaccine. The process can be divided into the transcription
reaction, the purification of the mRNA transcripts, the for-
mulation of the mRNA into lipid nanoparticles (LNP) and
the packaging (see Figure 2). The first three steps will be
covered in more detail in the following sections. The pack-
aging step includes filling the product into vials and putting
those into intermediate storage. As fully automated pack-
aging under sterile conditions is state of the art and cor-
responding solutions are sold as turnkey systems [21], the
packaging step will not be covered.
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3.1. In-Vitro Transciption

The mRNA is produced as a result of the so-called in-vitro
transcription (IVT) with co-transcriptional capping. In-
vitro transcription (IVT) with co-transcriptional capping is
the process step in which the mRNA is produced. The
key element of the transcription is the linear DNA tem-
plate. It contains the information necessary for later trans-
lation in-vivo to produce the desired protein. For good se-
lectivity and yield of the transcription reaction, linearized
double-stranded DNA is used as a template, which is com-
mercially available [22, 23]. Usually, DNA amplification is
carried out through fermentation or polymerase chain re-
action (PCR) [11, 24, 25]. However, this degree of vertical
integration is infeasible in a shipping container, consider-
ing that fermentation-based DNA must be purified exten-
sively [26]. Moreover, the amount of DNA needed can easily
be stored onsite, making onsite amplification unnecessary.

Figure 3: Illustration of a DNA template [27, 28]
An illustration of the DNA template can be found in Fig-
ure 3, which is divided into different sequences and starts on
the left side with a promoter (P) followed by an untrans-
lated region (UTR). Continuing on the right, the gene of
interest is visualized. This region will later code the pro-
tein of interest in the human cells. Then, an UTR and
a poly (A) tail are shown. The terminator (T) finishes
the DNA template [24, 28–30]. Besides the importance of
the DNA template, other raw materials are inevitable for
the production of the mRNA. These raw materials include
nucleotide triphosphates, CleanCap® (Cap1), polymerase,
which are all mixed together and diluted in a buffer solution.

Figure 4: Illustration of a mRNA [31]
Polymerase is the enzyme that generates the mRNA de-
picted in Figure 4. T7 polymerase is commonly used for
this task [24]. It binds to the promoter (P) of the DNA
template and initiates the elongation. mRNA is formed
through elongation and on the opposite end to the tail a cap
molecule is attached. For the so-called co-transcriptional
capping the commercial reagent CleanCap® with a cap 1
structure can be used. Alternative co-transcriptional meth-
ods like anti-reverse cap analog (ARCA) only result in a cap
0 structure. The difference being that further methylation
of the cap 0 results in a cap 1 structure [32, 33]. A possible
enzymatic reaction could convert the cap 0 structure to a
cap 1 structure, although this would lead to an extension
of the process, which can be avoided with CleanCap® [24,
32]. Additional advantages of CleanCap® are higher effi-
ciency and a larger yield of capped mRNA in comparison
to other products. The polymerase detaches at the termi-
nator with the completed mRNA [24, 30, 32]. The regions
UTRs, tail and the cap structure are of high importance
for the mRNA, as they increase the translational efficiency
and the stability of the mRNA in the cells. As a result, a

higher yield of proteins can be reached in-vivo [30, 34, 35].
In the next step, the produced mRNA is transferred to the
downstream process.

3.2. mRNA Purification

From the reactor, the mRNA is obtained diluted in the
transcription buffer along with a range of additional com-
ponents. The fully functional mRNA transcripts are ex-
pected to be present at a concentration of approximately 5
g/L. Impurities include the enzymes used in the reactions
along with the buffer components added to the reaction and
residual nucleoside triphosphates (NTP). Additional pro-
tein impurities may be present in commercially available
enzyme preparations [36]. Moreover, two major impurities
occur during the reaction, namely short abortive RNA tran-
scripts [36–38] and double-stranded (ds)RNA [39]. Abortive
transcripts have a length of approximately 8 nt for T7
RNA polymerase [40] and are therefore smaller than the
desired mRNA by orders of magnitude. dsRNA presents
a more challenging impurity to remove, as its molecular
weight is similar to the weight of the full-length single-
stranded mRNA. The impurity occurs, as in rare events,
the polymerase can produce strands of RNA that are com-
plementary to the target RNA by annealing to the DNA
template without the presence of a promoter. The com-
plementary RNA will anneal to some product molecules,
creating dsRNA [41]. While these rare events are not no-
ticeable in the overall mass balances, it is critical to remove
traces of dsRNA as it triggers an innate immune response
in the human body [39, 41] which deteriorates the efficacy
of the vaccine.
The downstream processing of mRNA comprises a tangen-
tial flow filtration (TFF), a chromatography and a subse-
quent second tangential flow filtration (see Fig. 2). The
first TFF is in principle adapted from [42]. Therein, the
TFF device performs purification, concentration and buffer
change in a single 1-hour step for a fluid volume on the
order of what will be encountered in small-scale produc-
tion. The authors use a modified polyethersulfone mem-
brane and recommend a molecular weight cut off (MWCO)
of no more than 2/3 the molecular weight of the product.
For an mRNA sequence of a length of 2000 nt (molecu-
lar weight of approximately 640 kDa), the most suitable
commonly available MWCO is 300 kDa. Therefore, some
protein impurities such as the RNA polymerase (100 kDa)
will be at least partly removed in this step. The transmem-
brane pressure reported in the patent [42] is 14 kPa, which
can easily be generated by a peristaltic pump.
The retentate of the TFF is further purified in a chromatog-
raphy column. For a conservative case, an affinity chro-
matography (AC) column is used for this task. Affinity
resins comprising immobilized Oligo-dT structures, which
selectively bind to the Poly-A tail of the mRNA, are com-
mercially available [43]. Comprehensive instructions on the
operation conditions of such a column are given by the resin
manufacturer. After packing and equilibrating the column,
loading takes place at a high salt concentration and a lin-
ear velocity of 50-150 cm/h. Impurities are washed from the
column using a decreased salt concentration and finally, the
product is eluted at a low salt concentration. A yield of 92%
for an oligo-dT AC is given in [44].
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As a cheaper alternative to the AC, an Anion Exchange
Chromatography (AEC) can be employed [25]. AEC resins
are generally cheaper than AC resins and the procedure is
of similar complexity [38]. The separation mechanism is
based on the negatively charged backbone of RNA attach-
ing to positively charged groups that are immobilized on
the resin. Several works have employed AEC successfully
for the purification of RNA [38, 42, 45]. Moreover, this
method appears to selectively separate the product from
dsRNA. A comprehensive instruction on how AEC can be
operated to achieve this is given in [45]. While for the con-
servative case, the AC is assumed, the cost savings of po-
tentially being able to use AEC will be discussed. Notably,
the yield of an AEC reported in the literature ranges from
72 to 90% [38, 42, 45], with the lower end potentially lead-
ing to cost increase and the higher end to cost savings over
the AC case.
Finally, a second TFF is employed, which conceptually does
not differ from the first one. It is assumed that after the AC,
all aforementioned impurities are removed from the product
solution. Therefore, the second TFF has the sole purpose
of changing the buffer according to the following processing
step’s requirements.

3.3. Formulation

Due to the low stability of the mRNA molecule and the
ubiquity of RNAse, protecting the mRNA via encapsulation
is indispensable for achieving the vaccine’s full potential.
The effect of the increased stability through encapsulation
is twofold. Firstly, the encapsulation leads to an increased
shell life due to better thermostability. Secondly, early
degradation in the human body is suppressed, greatly en-
hancing the uptake of the mRNA vaccine by the body’s cells
[16, 46–48]. Lipid nanoparticles (LNPs), as visualized in
Figure 5, are the most advanced mRNA vehicles at the mo-
ment. In the figure, ionized lipid molecules are color-coded
in orange, whereas the mRNA is depicted as curly red lines.

Figure 5: Illustration of a lipid nanoparticle [47]; red -
mRNA; orange - ionized lipids; blue, green and yellow -
helper lipids
The mRNA forms a complex with ionized lipid molecules,
interacting with their positively charged end. In the result-
ing complex, the hydrophobic ends of the lipids point out-
wards. To these ends, the helper lipids shown in blue, green
and yellow attach with their hydrophobic ends, forming a
stable liposome [47]. The composition of the lipids is chosen
based on the published research articles and recommenda-
tion from Precision Nanosystem [49, 50]. The share of lipids
is close to the ratio of lipids in the approved Moderna Covid
vaccine. The molar ratio of the lipids is 50:10:38.5:15 (ion-
izable lipid:DSPC:cholesterol:PEG2000) [27, 28, 50–52].

There are different ways to carry out the formulation pro-
cess. Reichmuth et. al [53] have shown a possibility to form
LNPs through a fluid mixing step. First, a cleaned mRNA
buffer solution and a solution of ethanol, in which the lipids
are diluted, are prepared. Then, throughout mixing, the
mRNA and lipids will form the desired nanoparticles [50,
52, 53]. Afterwards, the ethanol will be removed by means
of another TFF. The final step for the encapsulated mRNA
vaccine is the sterile filtration which is a regulatory step.
The filter has a pore size of about 0.2 µm [54] where the
vaccine is obtained in the permeate and impurities like mi-
croorganism are caught in the filter and discarded with it
[28, 51, 54, 55]. A schematic of the formulations steps is
given in Figure 2. Subsequently the quality control is indis-
pensable and is described in the following.

3.4. Quality Control

According to current regulatory agencies, different quality
control steps must be employed throughout the process in
order to ensure product purity and integrity [56, 57]. To
this date, no specific regulations have been given with re-
gard to RNA vaccines produced through IVT by the Food
and Drug Administration (FDA) and European Medicines
Agency (EMA) [58]. Therefore, quality control steps are
customized for the present process with the possible im-
purities mentioned in section 3.2 in mind. The effluent of
the second tangential flow filtration containing the purified
naked RNA will be subject to a series of quality control
steps, ensuring the absence of any unwanted compound.
The absence of DNA can be proven through the use of a
fluorescent dye [58]. Furthermore, UV absorbance is em-
ployed to quantify the total nucleic acid content which, in
the absence of DNA, equals the RNA content. In case en-
zymes are still present in the solution, the UV absorbance
will show additional characteristic absorbance maxima [58].
Finally, the absence of dsRNA can be proven by using dot
blot [39]. As mentioned in section 3.2, dsRNA generates
an immune response. The associated antibodies are com-
mercially available as primary antibodies for blotting. The
listed quality control steps, particularly the waiting time
associated with blotting can take place in parallel to the
process (see section 4.2).
For quality control of the final product, the particle size
of the LNP is measured via dynamic light scattering [59].
Finally, some of the final product is analyzed in a gel elec-
trophoresis [60] after disrupting the LNP by resolution in
Triton-X buffer to verify the integrity of the RNA and the
absence of major impurities originating from formulation
or packaging. If required by local regulatory agencies, high
performance liquid chromatography (HPLC) can be used in
place of the gel electrophoresis.

4. Design of the Container-Based Process

A process based on the sequence presented in section 3 is
designed to take place in a 20 ft ISO shipping container
with an additional container for auxiliary tasks. Through-
out designing the process, special attention is paid to the
severe spacial restriction and sterility requirements, in par-
ticular with regard to RNAse contamination. The process
is designed to produce 10, 000 doses of 100 µg mRNA each
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per batch. This corresponds to the mRNA content used in
Moderna’s vaccine [5], while BioNTech-Pfizer and CureVac
use doses containing 30 and 12 µg RNA, respectively. The
choice of plant capacity was an integrated decision taking
into account storage and logistics and is discussed in a later
section.

4.1. Design and Sizing of Process Equipment

For sterility reasons, process steps are carried out using
single-use equipment wherever possible. All buffers are pre-
mixed in the utility container using RNase-free water pro-
duced onsite to make best possible use of the available stor-
age volume and increase the autonomy of the container. No
more than one employee at a time works in a container. For
sizing, mass and energy balances, and scheduling, a process
model is set up in SuperPro Designer [61] (see SI 2).
The IVT and capping are performed in 0.3 L of aqueous
solution in a disposable stirred-tank bioreactor such as a
Merck Mobius® [62]. The reaction volume and the corre-
sponding input materials are taken from the description of
the company TriLink Biotechnologies. Buffer compositions,
proportions of nucleotides, DNA template and CleanCap®,
as described in the literature [24], are scaled for the quan-
tity of 10,000 vaccine doses.
As an alternative to a disposable reactor, CureVac has
filed a patent concerned specifically with IVT-based mRNA

production at a small-scale [9]. The device called RNA
Printer® is an IVT reactor with DNA template immobilized
on magnetic beads for reuse. However, without a shortage
of DNA template supply, DNA recovery is not necessary for
a feasible concept and not of high priority when it comes to
cost savings (see section 5.2, SI 3).
After the transcription and capping reaction, the reactor
content is filled into a disposable bag for downstream pro-
cessing. We envision the three TFFs and the AC to take
place at a section of the container wall with a single or two
peristaltic pumps mounted in a fixed position and mounts
in place for various disposable items (filter cartridges, bags
etc.). Moreover, a steel tank is in place as a reservoir for
the TFF, which is lined with a new disposable inlay bag
each time it is used. For simple handling and to support
the operator, the back wall may contain drawings indicat-
ing the tube routing along with LED lights instructing the
operator where to mount and connect equipment for each
process step. Note that during use, only one unit oper-
ation is in place at a time. Above and below the mounts
for process equipment, disposable bags with buffers and the
product solution can be mounted on hooks with weight sen-
sors. After mounting bags and tubes, the process can op-
erate autonomously with flow being controlled by the peri-
staltic pump and feed streams being chosen through elec-
tronic valves. A schematic drawing of the fluid processing
is given in Figure 6.
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Figure 6: Schematic drawing of the modular wall-mounted fluid processing system. Only one of the individual colored
operations is mounted at a time.
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For sizing, the results from the SuperPro Designer model
are used after comparing them with literature values. The
TFFs process a feed volume of 0.3, 2.7 and 2.2 L per batch
for TFF 1, 2 and 3, respectively. The filter area is calcu-
lated by SuperPro Designer according to the chosen process
times of 60 − 100 minutes to be 590 − 2090 cm2. For refer-
ence, in [42], an experiment is presented, wherein an area of
790 cm2 is used to process 400 mL of liquid in 58 minutes.
For the ratio of fresh buffer fed into the system to original
buffer of the concentrated solution, a value of 8 is proposed
in [42]. Moreover, a recommended shear rate of 800 s−1 is
given, which can be used to estimate the volumetric flow
generated by the peristaltic pump for the filter cartridges
assumed herein. A flow rate of 200 mL/min is used in the
experiment performed in [42]. For the product recovery of
TFF 1, a value of 93.4% is assumed, which lies in the range
(90-95%) given in [42]. The other two TFFs are designed
with the same equipment parameters as TFF 1. This nat-
urally results in higher overall yield as compared to TFF 1,
as TFF 2 and 3 are used for buffer change, which is a less
demanding task than purification, requiring less passes of
the liquid along the filter.
The AC is sized according to the resin’s specific binding
capacity of 2 mg/mL given by the manufacturer of the
POROS™ Oligo (dT) resin [43]. For comparison, Mod-
erna reports a binding capacity of 1.4 mg/mL for their own
Oligo (dT) resin [44]. The authors of patent [44] present
an experiment with a column of 100 mL volume and 5 cm
length. The length is adapted for the present process, al-
though in practice, the final length-to-width ratio can be
subject to further adjustments. The fluid velocities and
buffer composition in the patent closely agree with the rec-
ommendations given by the manufacturer of the POROS™
resin, which are adapted for this work. The operation time
of the column results from choosing these parameters. The
yield of the AC is assumed to be set to 92%, based on an
experimental value reported in [44].
Reusing the resin is possible according to the manufac-

turer and instructions on storage and cleaning steps are
given. However, for a base-case process, single-use of pre-
filled columns is considered. If the resin is reused, two addi-
tional buffer solutions are needed for sanitizing and storage,
which are depicted in a more pale blue in Figure 6.
For example, with their KrosFlow® KR2i [63], the company
Repligen sells a benchtop TFF system, which can generate
enough pressure and flow rate for the AC and all the TFFs
used in our process. For the sterile filtration, an additional,
more powerful peristaltic pump would be needed, although
in principle, all operations could be carried out using a sin-
gle peristaltic pump inserting a new length of tube for each
step.
The formulation as LNP takes place in between the filtra-
tion steps TFF 2 and TFF 3 (Figure 2). Devices such as the
NanoAssemblr® GMP system are commercially available as
a turnkey system [64]. Operating such a device includes in-
serting a new microfluidic cartridge and tubing and mount-
ing the RNA-containing and the lipid-containing solution in
place. The costs of owning and operating the device have
been obtained through personal communication with the
manufacturer.

4.2. Scheduling

The production process consists of individual unit opera-
tions performed sequentially as batch operations. A realis-
tic schedule of the overall process is proposed in Figure 7,
which is based on the SuperPro Designer Simulation. Addi-
tionally, an indication is given of the time periods in which
the operator working in the production container needs to
take action operating or setting up one of the unit oper-
ations. This time includes ten minutes for each "transfer"
operation in SuperPro Designer, i.e., transferring the main
process stream from one unit operation to the next. Setting
up a new unit operation for fluid processing is estimated to
take 30 minutes, which can be parallelized whenever the
previous unit operation does not use any fluid processing
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IVT Reactor

TFF 1

AC Column

Electric Heater

TFF 2

Lipids Prep

LNP Formation

TFF 3

Mixer

Sterile Filter

time [h]

labour connected to unit operations
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Figure 7: Scheduling of unit operations and labour requirement in the production container.
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equipment. Premixing of buffers is not included in this
schedule. It can be performed at any time by the operator
working in the utility container, since space for intermedi-
ate buffer storage is provided. Besides buffer mixing, this
second operator is responsible for packaging, storage and
handing out packages of vaccine for delivery.
As can be seen in Figure 7, the production process not
including filling takes approximately 14 h. Adding the
time requirement for filling and packaging, finishing a batch
within 16 hours or two 8-hour shifts is realistic. At all
times, one operator works in each container, totalling 32
work hours per batch. As shown in Figure 7, the opera-
tor of the production container is free to perform auxiliary
tasks such as waste management and quality control during
approximately half of the time, while the unit operations
work remotely. The active work at them is centered around
the change from one unit to the next. The fact that the
fluid processing system is shared by all filtrations and the
AC column leads to time gaps during which the operator
changes the equipment and no unit operation can run (see
Figure 7, at 5.1, 6.4 and 11.7 h). Eliminating these three
gaps of 30 minutes each would come at the cost of additional
space requirement for downstream processing and with the
process fitting nicely into a two-shift time span, there is no

significant motivation to do so.

4.3. Container Layout

With the present concept designed for mobility and auton-
omy, it remains to show that the equipment described in the
previous sections fits into the two containers, along with suf-
ficient raw materials and consumables to sustain production
without any resupply for an extended period of time. As
further discussed in section 6.2, the target without resupply
are 100 batches of 10,000 doses each (i.e. 1,000 10-dose-
vials).
An exemplary layout for both containers is presented in
Figure 8. The container depicted at the top, called "pro-
duction container" in the following, contains the reactor,
downstream processing and formulation units arranged in
the order of use. Moreover, raw materials and single-use
equipment needed in the process are stored in the container,
with an additional cold storage unit for intermediate stor-
age of buffers. Finally, the container contains quality con-
trol equipment.
The second container, called "utility container" in the fol-
lowing, comprises room for premixing of buffers, using
RNase-free water, which is produced by the filtration units
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Figure 8: Schematic layout of the production (top) and utility (bottom) container. Container dimensions shown are the
inner dimensions of 235x590 cm
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included in the same container. Furthermore, the storage
of empty vials, filling of vials and temporary storage of the
final product take place in this container. The containers
are connected by a pass-through, which is installed while
the containers are set up at the production site. Disposable
bags with buffer are passed from the utility to the produc-
tion container and later, a bag containing the final product
for filling and packaging is passed back to the utility con-
tainer. The filling of vials can take place in a fully auto-
mated GMP-certified device, which is commercially avail-
able [21]. The storage space needed for single-use equipment
and vials is estimated based on simple assumptions concern-
ing the packing efficiency (see SI 5). Note that a particularly
large space is occupied by the vials. As vials are used, the
available space in the container increases. Freed-up space
can be used to store waste in the container. Similarly, re-
supply of empty sterile vials would be an effective way to
free up more space, if needed for other purposes.
While the layout as shown represents just one of several
possible configurations, it helps to visualize two important
points: Firstly, the space offered by two containers is large
enough for the IVT-based production of mRNA vaccine.
Secondly, for the presented fully autonomous concept, stor-
age space limits amount of vaccine produced without resup-
ply to one million doses, corresponding to 100,000 vials or
100 g of mRNA.

4.4. Utilities

For the container to unfold its full potential in terms of its
mobility and flexibility, its requirements for utilities from
the outside must be reduced to a minimum. Therefore, on-
site production of RNase-free water is included in the con-
cept and a HEPA-filtered heating, ventilation and air con-
ditioning (HVAC) system. Moreover, to maintain a sterile
environment as well as cooling of raw materials and tem-
porarily stored product, continuous and reliable supply of
electricity is crucial. Water, air, cooling, and electricity are
briefly discussed in this order in the following.
RNase-free water is crucial for each of the production steps
discussed in section 3, as well as additional cleaning steps.
As such, it is by far the most needed raw material by vol-
ume with a demand of 46 L/batch for the process steps
alone. Not only is a reliable third-party supply logistically
challenging in developing nations, but intermediate stor-
age of water can also easily lead to contamination with
RNase [65]. In the literature, there exist two major ap-
proaches for producing RNase-free water. Firstly, water
can be treated with diethyl pyrocarbonate (DEPC), which
deactivates RNase and secondly, a well-maintained filtra-
tion device can be used to purify water [65, 66]. In both
cases, tap water is assumed as raw material [65]. The DEPC
method not only requires an additive, but residual DEPC
must also be broken up into ethanol and CO2 in an ad-
ditional thermal step. Finally, the deactivated RNase and
DEPC degradation products might need to be removed in
additional steps. Meanwhile, the filtration-based method
can be conducted in an automated manner with two con-
secutive filter devices. For our case, the filtration was cho-
sen over the DEPC method for its simplicity. In particular,
two consecutive Merck RiOs 16 system can be used, which
can produce up to 16 L/h or 320 L/day. The first one op-

erates in its standard reverse osmosis configuration, while
the second one is equipped with a 5,000 Da ultrafiltration
cartridge [65].
To provide an RNase and germ-free production environ-
ment, both containers must be equipped with cleanroom
technology. For this purpose, a hygiene lock is installed
at each entrance. Moreover, HEPA-filtered HVAC systems
are installed on the roof. These can be transported in the
inside of the containers during transport on a container
ship, where containers may be stacked. The system has the
twofold task of maintaining an adequate temperature and
air quality. Therefore it must have sufficient tonnage, i.e.,
ability to remove heat from the container and sufficient air
turnover. The heat to be removed can be estimated based
on heat transport through the container wall plus electric
energy dissipated inside of the container. Note that, while
designed for hot environments, the system will also suffice
in cold environments, as we found that a hot rather than
a cold environment represents the limiting case for the sys-
tem. The heat dissipated by refrigerators and other devices
in the containers both significantly lowers heating demand
in cold environments and increases the cooling necessary
in hot environments. The heat transport through the con-
tainer wall can be estimated based on a standard transport
coefficient for shipping containers of 0.4 W/m2K [67, 68],
which is roughly equivalent to a 5 cm layer of polyurethane.
The average temperature difference across the container
wall is assumed to be 15 K. The additional heat gener-
ated inside the container by equipment and staff can be
estimated based on the equipment’s electricity demand and
a rule of sum, respectively (see SI 4). Overall, a tonnage
of 0.46 tons is required for the more demanding of the two
containers.
According to the WHO [69] 6 - 20 air changes per hour are
required in GMP facilities, i.e., 6 - 20 container volumes per
hour or 180 - 610 m3/h . A system consisting of a 2-ton
HVAC unit [70] combined with a suitable supplemental fan
and HEPA filter (see SI 4) is used for each container, sat-
isfying both air change and air conditioning requirements.
The final energy consumption of the HEPA-filtered HVAC
itself is calculated using the cumulative heat load and a con-
stant coefficient of performance of 3.5, as has been shown
for a temperature difference of 15 K [71].
Cold storage at different temperature levels is required.
While most raw materials require storage at -20 ◦C, the con-
sumable affinity resin requires storage at 2 - 8 ◦C [43]. The
final product might require storage at -80 ◦C in a conserva-
tive or worst-case scenario, although the Moderna COVID-
19 vaccine has been shown to be stable at 2 - 8 ◦C for 30
days [5], which is long enough for the present concept in
which batches are produced few days apart. For a million
doses of vaccine, 15 kg or approximately 15 L of raw mate-
rials are used that need to be stored at -20 ◦C, among which
are 5.6 kg nucleotide, 4.6 kg polymerase, 1.2 kg CleanCap®
and 0.8 kg DNA template solution. A 650 L freezer is there-
fore sufficient to store raw material for one million doses (see
SI 5). Affinity resin is assumed to be stored in prepacked
columns. We assume that one column of 5 cm inner length
[44] and 13.5 cm diameter (SuperPro calculations) is used
per batch, which is packed in a 15x15x15 cm package. A
650 L refrigerator can be used with spare room to store
the raw materials stored at that temperature (see SI 5). If
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a high-performance freezer of outer dimensions of 198.1 x
100.6 x 95.5 cm (H x W x D) is used for product storage,
up to 21 batches or 210,000 doses can be stored at a time,
which corresponds to about a fifth of the vaccine produced
during a campaign. More details on the storage volume cal-
culations for raw materials, consumables and product can
be found in the SI 5.
Maintaining a reliable supply of electricity is especially chal-
lenging during road transport and in the presence of a non-
reliable local electricity grid. Therefore, each container is
equipped with a battery storage system. Tesla Powerwall
[72] technology is chosen for this project. One layer of 14
Tesla battery packs underneath the inner container floor
provides a total battery capacity of 189 kWh with a cumu-
lative peak power of 64 kW per container. The downtime
electric load caused by refrigeration and air conditioning is
18 kWh/day for the utility container and 32 kWh/day for
the production container. Accordingly, the production and
utility container last for 5.9 and 10.5 days during downtime,
respectively. When operating the container, an additional
load per batch is caused by the process equipment, which
reduces off-grid days to 4.9 and 6.9 days for the two con-
tainers (see SI 4). These numbers indicate that several days
of road transport are possible for the containers, although
for very long journeys, a charging stop must be scheduled
every few days. During transport on a container ship, the
containers need electricity supply for at least the raw ma-
terial cooling. If electricity supply is lost during or before a
planned batch, the batch can be finished as scheduled using
electricity from the batteries.

5. Process Analysis

In the following three sections, a detailed analysis of the
process and its economics is presented.

5.1. Mass and Energy Balances

IVT Effluent

mRNA Purification (14.2%)

LNP device (8.1%)

LNP Purification (1.9%)

Product (68.9%)

Figure 9: mRNA loss in downstream process

A graphical overview of the mass an energy balances is
given in order to visualize potential areas of improvement
and bottlenecks limiting the production scale of the con-
tainers. As can be seen in Figure 9, the individual down-

stream sections all exhibit a high yield with low potential
for further improvement. Losses result mainly from the first
TFF, the chromatography, and RNA that is not incorpo-
rated in LNP. The remaining filtration devices are designed
for buffer change rather than removal of impurities and
exhibit a low loss of product. The percentages given in the
figures relate to the initial amount of RNA produced.
As visualized in Figure 10, the majority of electricity con-
sumption is necessary for cooling and air conditioning and
therefore independent of the actual production. Accord-
ingly, the energy consumed per batch produced increases
as the time between finished batches increases.

1 Batch per Day 1 Batch per 2 Days
0

50

100

kW
h
/
Ba

tc
h

Process
HVAC
Cooling

Figure 10: Electricity demand of one batch

Finally, comparing the liquid volumes of different buffers
and process streams used gives insight into different scale-
up limitations, which are further discussed in 6.1. Notably,
the buffer volumes used in the downstream operation exceed
by up to one order of magnitude the sample volume and are
the limiting factor when it comes to scale-up. Interestingly,
the final product (i.e. LNP-encapsuled mRNA at the cor-
rect concentration for injection) is much more dilute than
the mRNA leaving the IVT reactor, which helps explain the
limiting nature of the filling unit for large-scale production
[25]. A graphical representation of the mentioned volumes
in a sankey-type diagram is given in SI 6.

5.2. Economic Evaluation

In this section, the major cost contributors are identified
and the cost per dose of vaccine is determined. The as-
sessment of the costs is based on commercially available
products which are suitable for the usage in the container.
For realizing mobile on demand vaccine manufacture, the
costs can be divided into investment costs for purchasing
equipment and building the container and variable costs
for producing the vaccine. The investment costs may fur-
ther be subdivided into three larger groups as shown in
Figure 11. The expenses to implement a cleanroom con-
tainer, color coded in light blue, claim about 37 % of the
costs. The base costs in this category consist of the interior
equipment, the container itself, the water production and
the HVAC system. As a GMP facility and cleanroom equip-
ment have high requirements the base cost are adjusted by
a factor of 250 %. This approach is also used for the cost
approximation of the electronics (10 % of base cost) and
for the missing cost items (30 % of base cost) [25]. The
costs of equipment, colored in grey, accounts for 58 % of
the investment costs. The fully automated filling system
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and the GMP device for encapsulating the mRNA are ma-
jor cost drivers in this category. Peripheral items necessary
for cooling the raw material and for quality assurance con-
tribute with 5 % to the investment costs are visualized in
green. In total, the investment costs add up to 2.43 million
euros.
Container 900k e

37%

Equipment 1400k e

58%

Peripheral 130k e

5%

Figure 11: Investment Costs
The reference case for the development of the container is
a production volume of 10,000 vaccine doses per batch. For
this, the cost of single-use equipment and the raw mate-
rials was estimated via SuperPro Designer. Note that the
variable cost vary to a different degree with batch size and
number of batches produced. For example, the affinity resin
required scales in a linear fashion with the batch size, while
the cost of producing a batch of LNP remains the same over
a large range of batch sizes. The variable costs can also be
subdivided into three groups illustrated in Figure 12. The
process costs such as consumables like filters, pump heats,
etc account for 61 % (blue), raw materials for 38 % (grey)
and the labour for 1 % (green) of the variable cost. These
add up to a total of 228,700 e per batch. Therein, the
microfluidic cartridge for the formulation device and AC
resin can be identified as the major cost driver. A detailed
overview of the costs can be found in the SI 7.

Process 138.5k e

Raw Material 87.7k e

Labour 2.5k e

61%

38%

1%

Figure 12: Variable costs per batch
Combining both categories, investment and variable costs,
and assuming that the investment cost are spread over one
million vaccine doses, the price per vaccine dose is 25.12e.
One way to compare the resulting price is to evaluate
against current products on the market. So far, this is
possible with BioNTech/Pfizer’s vaccine. After negotia-
tions with the European Union, a price of 15.5 e per
dose has been agreed on, according to reports by Nord-
deutscher Rundfunk, Westdeutscher Rundfunk Koeln and

Sueddeutsche Zeitung [73]. It should be highlighted that
the BionTech/Pfizer’s vaccine has a dosage of 30 µg com-
pared to the 100 µg used in the container concept. As-
suming that the vaccine produced in the container achieves
similar efficacy, a price of 17 e would be possible.
Another possibility is to compare the cost structure of a
modelled centralised production facility with that of the
mobile container concept, which is depicted in Figure 13.
For this comparison, the paper of Kis et al. is used, which
shows the calculation and cost structure for the vaccine pro-
duction of an mRNA vaccine for the world population [25].
The relative shares of investment and labour costs do not
differ to any great extent for both concepts. However, in
centralised production, raw materials are associated with
a significantly larger and consumables with a significantly
smaller share than with the mobile concept. This can be
explained by the central production dividing the cost of sin-
gle use equipment by a larger number of vaccine doses. The
proposed price per 100 µg-dose by Kis et al. is on the order
of 2 e which is significantly less than the price for the con-
tainer concept despite highly similar process characteristics
such as titres, yields and purity requirements [25]. This de-
viation can only partly be explained by economies of scale
and is also a result of more optimistic assumptions con-
cerning raw material prices which do not correspond to the
prices that manufacturers can currently achieve. For exam-
ple, the price used for CleanCap® is one tenth of the price
assumed in our work [25]. The prices for the polymerase
or lipids used in centralized calculation are also much lower
than those researched for the present concept. The cost of
raw materials alone was calculated to be 8.8 e per dose in
this work. Accordingly, the aforementioned effect of domi-
nating raw material costs at large scale is more pronounced
with our assumptions than with Kis’s [74]. Finally, the de-
livery of the vaccine in a central production scenario must
be taken into account, which is already partly included in
the container concept as the container is deployed near the
vaccination site.

Container Centralized [25]
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Consumables

Figure 13: Cost structure of a decentralized container con-
cept (this work) and a centralized facility [25]

5.3. Sensitivity Analysis

The sensitivity analysis aims to identify uncertainties within
the proposed concept and the resulting influence on the
manufacturing cost. Thus, the influences on the price per
dose of different cases are investigated for process param-
eters, economic parameters and a pharmaceutical aspect.
The result of the study is shown in Figure 14. The ordinate
shows the different cases that influence the price per dose.
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The abscissa shows the percentage influence of the cases on
the price of 25.12 e.
The first four categories relate to the influence of the pro-
cess. The quantity of vaccine doses per batch has a strong
effect on the cost per dose, due to the costs of consumables
such as filters, tubes, pump heads and most importantly mi-
crofluidic cartridges for LNP production remaining almost
constant with an increasing batch size. As the concept of
economic scale suggests, process scaling should be consid-
ered. However, further upscaling not only contradicts the
idea of the container as a just-in-time local vaccine produc-
tion, but is also very much limited at around 10,000 doses,
as discussed in section 6.1. Cost fluctuations in the yield of
the transcription, represented by the titre of mRNA, are in
the single-digit range. The reuse of the affinity chromatog-
raphy resin would result in a deviation from the single-use
concept, but savings of about 10.5% are possible if the resin
is used ten times. Similar results can be achieved by using
an AEC with a recovery of 86.6% [44].
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Figure 14: Cost sensitivity regarding assumptions
Considering economic aspects, the GMP system from Pre-
cision Nanosystem should be highlighted as a major cost
driver. The cost of processing a single batch is estimated
by the company to an amount of 100,000 e regardless of the
batch size [52]. In the analysis, this cost item was halved, as
Precision pointed out that costs for a non-profitable organi-
zation or for the purchase of larger quantities would result
in price reductions. This assumption reduces the price per
dose by 20%. The reagent CleanCap® is the most expensive
raw material. For a batch size of 10,000 doses per batch, the
influence of the raw materials is not of highest importance.
However, further upscaling of the process size will increase
the relative influence of this. The influence of labour costs
is negligible. Resupplying the container with raw material
and reusing the bought equipment will result in spreading
the investment costs over more than one million doses which
has a minor influence on the price per dose.
Finally, the efficacy of the vaccine is associated with a sig-
nificant uncertainty. For a conservative estimate of the pro-
cess, a vaccination dose of 100 µg of mRNA is assumed.

This corresponds to the amount of mRNA used in the Mod-
erna vaccine. The product produced by BionTech/Pfizer
requires 30 µg per dose. Scaling down the process to pro-
duce 10,000 vaccine doses, of 30 µg instead of 100 µg each
results in a significant price reduction of the vaccine.
The combination of the shown limits in the analysis al-
lows an estimation for the minimum and maximum price
per dose. Thus, a deterioration of the process condition in
terms of a lower titre and a smaller batch size in combi-
nation with a higher price of the Cap Reagent leads to a
price of 44.94 e. Considering the various technical improve-
ments as well as the use of economies of scale in combination
with cost reductions for raw and process materials, a signif-
icant reduction of the price can be achieved. If combined
with the possible improvement in the efficacy of the vaccine,
these improvements correspond to a minimum price for the
container concept of 3.79 e per dose.

6. Discussion

6.1. Discussion of the Production Scale

As shown in section 5.3, producing large batches comes with
a significant economic advantage. In this section, the lim-
its of the batch size and their implications for the over-
all concept are discussed. While the space time yield of
the IVT reaction is not impressive by chemical engineering
standards, it is enormous expressed in terms of doses per
volume per batch: 5 g or at least 50,000 doses per one liter
batch (before downstream processing). When upscaling the
batch size within the presented concept, the downstream
processing, in particular the second TFF and the AC, will
be the first factors to limit a further increase in size. They
require 21.2 and 13.7 L of fresh buffer, respectively at the
present scale, which is at the limit of what the TFF sys-
tem can process. This can, at the cost of storage space,
be overcome, e.g. by using the next larger TFF system by
Repligen, the KMPi, and facilitating fluid handling by the
operator through using several bags at a time. Eventually,
with further increasing scale, LNP formulation and pack-
aging unit will limit the production capacity, a bottleneck
that also holds for very large scale [25]. Note that despite
the fluid volumes used in the TFFs limiting the produc-
tion scale, a substantially larger number of doses per batch
is still possible in a scenario, where less than the assumed
100 µg mRNA are needed per dose. For instance, 33,333
doses of 30 µg mRNA [5], can be produced in one batch in-
stead of 10,000 doses of 100 µg. This scenario would require
the same amount of raw and single-use (SU) materials, but
empty vials would need to be restocked three times.
The production capacity of the container interacts signif-
icantly with the intended application and requirements of
the local logistics. Not considering resupply of raw materi-
als, it takes the container at least 100 days to run through
its stock of raw materials. This corresponds to the duration
of a vaccination campaign and can therefore be compared
to the duration witness during the COVID-19 pandemic.
When vaccinating with the pace witnessed in Israel between
2020/12/19 and 2021/03/16, one of the quickest worldwide,
about 130 days are needed to vaccinate 80% of the popu-
lation [75]. Therefore, the rate at which the containers can
process the stored raw materials does not limit the vacci-
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nation rate even for 10,000-dose batches.
Accordingly, a useful production scheme would be to pro-
duce as large of a batch as possible (10,000 doses for the
base case) and stretch the vaccination campaign according
to local vaccination centers’ capacities by producing only
every few days and storing the product in the meantime.
This scheme is economically attractive, as savings can be
realized by spreading the cost of using the formulation de-
vice between more doses (see section 5.3). The area supplied
by one container pair in this scenario results from the pro-
duction capacity over the container’s lifetime and the local
population density and is discussed in section 6.2.
Comparing the presented concept to a centralized plant,
several advantages and drawbacks of the modular and cen-
tralized approach come to light. The major advantage of a
centralized plant the are lower production costs. As shown
in section 5.2, vaccine production can benefit significantly
from economics of scale. Another advantage of a centralized
over distributed production as presented herein is the capa-
bility to achieve a higher vertical integration, allowing the
manufacturer to bypass supply bottlenecks. For instance,
while RNA vaccine production is ramped up globally, sup-
ply bottlenecks can temporally occur in plasmid DNA pro-
duction [76].
The small modular concept, on the other hand, comes with
several less quantifiable, but nonetheless significant advan-
tages. The concept relies on a numbering up [8], rather
than a scale-up strategy, which may come with some cost
benefits as shortly mentioned in section 5.3.
The eliminated necessity of upscaling comes with the addi-
tional advantage of immediate transition from drug devel-
opment and testing to large-scale production and therefore
a faster time to market. Upscaling a production process
several times beginning from the small scale used in the
early test phases is costly, time-intensive and can result in
suboptimal yields [77]. Shifting the production to the site
and time of demand helps reduce the additional expenses
spent for logistics compared to a large centralized plant.

6.2. Logistics Case Study

Numerous publications have targeted the optimization of
vaccine production and distribution via mathematical pro-
gramming. Those included contributions that focused on
the vaccine supply in countries of the global south [78], high-
lighting current vaccine distribution networks [79–81], the
cost of immunization programs [82], social equity of vaccine
distribution [83, 84], and energy efficiency [85]. However,
all of these works considered solely storage and distribution
to take place in middle- and low-income countries, thereby
assuming large-scale centralized production of the vaccine
presumably in industrialized countries. Therefore, the op-
timal location of the conceptualized unit is of interest. The
10,000-dose-per-day container as presented herein carries
enough raw material to supply 100 batches without resup-
ply. In the following, a strategy is presented on how to
rationally distribute such containers in a country or region.
In a comparative case-study, an optimization framework is
applied using regional population data of two sub-saharan
countries, namely Namibia and Nigeria, that both have
roughly the same areal size. The two countries were cho-
sen with respect to their respective population density, with

Nigeria being rather densely populated at 215 pop./km2 and
Namibia being one of the most sparsely populated coun-
tries world-wide at 3 pop./km2 [86]. The data for Nigeria
included 774 Local Government Areas (LGAs) with their
respective population adding up to 193 mio. inhabitants
[87, 88], and 121 Constituencies of Namibia, totaling 2.1
mio. inhabitants [89, 90]. The problem was formulated
mathematically as a time-invariant capacitated facility lo-
cation problem (with additional constraints) [91] to obtain
optimal locations to deploy the units. Therefore, the total
duration of a vaccination campaign is not of interest but
only bounded by the maximum of 100 produced batches
without resupply. Additional model assumptions included:

• Each unit has a single-use capacity of 1 mio. doses
• A unit consists of 2 containers (section 4.3)
• Vaccination requires 2 doses per patient
• Heard immunity is achieved at a regional vaccination

rate of 80%
• Local bottlenecks due to infrastructure, storage and

healthcare facilities are neglected

The required number of production facilities forms the ob-
jective function which accounts for costs of a vaccination
campaign. Thus, it is minimized subject constraints de-
ducted from the assumptions and a constraint on the de-
livery distance of the produced vaccine. The linear pro-
gram was implemented using GAMS™ with IBM’s ILOG
CPLEX™ solver on an Intel64 Family 6 Model with 2.6
GHz and 150 MB RAM. The relative optimality tolerance
was 10−3 (SI 8).
The optimal spatial distribution of the minimum number
of units with a constraint on the delivery distance dmax

of e.g., 50 km and 500 km respectively is given in figure
15. In the latter case (dmax = 500 km) the distance deliv-
ery constraint is not binding for both respected countries
of deployment. In this case, larger capacities of the units
or large-scale centralized production would be sensible, as
there is no incentive for a small process-scale. In the densely
populated case (Nigeria), the container’s max. capacity be-
comes binding around dmax = 80 km. In case of Namibia
however, the container’s capacity becomes binding only at
dmax = 440 km. If the viable distribution distances fall
short of these characteristic distances, excess capacities of
facilities are needed to meet the demand. More generally
speaking, constraints imposed by the local vaccine distri-
bution network could lead to a rise in cost per vaccinated
person and therefore cost of the whole vaccination cam-
paign.
Apart from these implications for logistics/supply chain,
the optimization yields a rough estimation of the number
of units for two example countries. However, the smaller
dmax is chosen, the larger the bias in the solution to be
expected, due to the off-grid underlying spatial data. Over-
all, the optimization results imply an impetus for mobile
production units of proposed dimensions of single-use pro-
duction capacity, especially in sparsely populated regions
to counter long and cooling-intensive supply-chains. Nev-
ertheless, local storage hubs and health care facilities ought
to be considered for a more rigorous analysis.
Approaches regarding the availability of local storage hubs
and health care facilities that enable the last mile distribu-
tion of the vaccine ought to be discussed. Time-dependent
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Figure 15: Case study results for Nigeria & Namibia: Number of units under different distance constraints (dmax)

mathematical programs like e.g. vehicle routing problem on
infrastructural data [92, 93] or optimal disease control [94]
are promising techniques to further quantify the viability of
the proposed mobile on-demand production. More elabo-
rate models of vaccine production and distribution targeting
disease dynamics are beyond the scope of this paper.

6.3. Waste Management

For the realisation of the container concept, SU equipment
is used in order to avoid contamination of the produc-
tion process. This approach can be compared with that
of stainless steel-based biochemical plant. Case studies in
this area indicate that the use of SU materials is less en-
vironmentally impactful than traditional biomanufacturing
approaches like steam in place [95, 96]. Furthermore, the
environmental impacts associated with the disposal of SU
components at the end of life are negligible in the context
of a life cycle of a biomanufactur [95, 96]. This is of course,
if waste is handled properly.
The plastic waste can be further divided into items which
have contact to materials like the DNA, mRNA or poly-
merase and ones which do not. The items which come in
contact with these components have to be stored in a dou-
ble bag at the production site. The packaging plastic waste
can be disposed of through the local waste management
system. If adequate recycling of the latter cannot be guar-
anteed locally, all plastic waste produced can be kept inside
the container until the raw materials run out (i.e. the vac-
cination campaign ends), as the used devices and sold vials
free up enough space to do so. After the campaign, the
containers can be picked up with the waste in them and
optionally be restocked and redeployed.
In addition to disposable equipment as a waste category,
process streams such as buffer solutions from the TFFs
should also be mentioned. About 43 litres of solvent con-
taminated with DNA, mRNA, lipids or polymerase are pro-

duced per batch. Based on the assessment of the Robert
Koch Institute, the mRNA vaccines are not considered haz-
ardous to health [97]. In addition to this assessment, it
is possible to evaluate the substances with regard to their
biosafety level. In the whole process no active viruses or
living organisms are used which can cause danger to its
surroundings. Thus, no risk in connection with diseases
in healthy human adults is expected from the substances
used, which corresponds to biosafety level 1. Nevertheless,
care should be taken to handle liquid waste responsibly by
placing it in a labeled, sealed, leak-proof container. Bleach
treatment should be performed after each batch or multi-
ple batch storage to decontaminate the wastewater prior to
discharge [98, 99].

7. Conclusion

Container-based on-demand manufacture of mRNA vaccine
can be a competitive strategy to combat outbreaks of infec-
tious diseases. While small-scale manufacture is expected
to come at an elevated cost as compared to centralized pro-
duction, the cost of production in a container-based unit
(25 e ) remains on the order of standard asking prices for
vaccines today, even at very conservative assumptions. For
more favourable assumptions, in particular with respect
to proprietary formulation technology used, the cost of
small scale manufacture approaches the cost of centralized
production, which is driven by raw material costs. The
competitiveness of the manufacturing container dwindles
as the batch size is reduced significantly below 10,000 doses
or 1 g mRNA per batch. This indicates that for very local
outbreaks, e.g. outbreaks associated with refugee camps
and natural disasters, the container solution should not be
chosen over off-site production and import.
The presented solution allows manufacturing 100 batches,
or 1,000,000 vaccine doses remotely with the only resupply
required being the one of electricity and drinking water.
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This allows supplying remote regions as well as ones bar-
ricaded due to local conflicts. The modular nature of the
concept allows supplying urban areas by installing multiple
containers as well as rural areas. For regions of low popu-
lation density, the containers’ catchment areas can become
relatively large and the local infrastructure must be used
to distribute the vaccine locally.
The chosen vaccine platform is very versatile and a new
mRNA vaccine can be manufactured by using a new DNA
template, making virtually no changes to the process itself.
When responding to a new pathogen, a single container
can be used to conduct tests. By using a number-up rather
than scale-up strategy, the production process used in this
container can be used as is for large-scale production, po-
tentially leading to an extremely short time to market.
Finally, the proposed concept relies exclusively on tech-
nology available today and can be operated by relatively
low-skilled personnel after basic training.

Supplementary Information is attached
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