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Abstract: Almost two years into the COVID-19 pandemic and one year after the approval of the16

first vaccine, bottlenecks in production and supply chain infrastructure continue to delay vaccination17

campaigns in the Global South. Mobile on Demand (MOD) vaccine manufacture may help quickly18

ramp up production capacity while bypassing infrastructure bottlenecks. Such decentralised small-scale19

factories can help tip the scales in the battle against COVID-19 and future pandemics.20

In this work, we designed two MOD vaccine manufacturing units based on a protein antigen expressed21

in yeast and in vitro transcription of mRNA. Each unit consists of two shipping containers and allows to22

produce on the order of 10,000 vaccine doses daily for competitive prices and in close proximity of their23

end users. Abandoning economies of scale may lead to a moderate increase in production costs that may24

be outweighed by reduced closed-vial dose wastage and an earlier protection of vulnerable populations.25

1. Introduction26

As of January 2022, the COVID-19 pandemic, caused by the coronavirus SARS-CoV-2, has caused more27

than 5.5 million confirmed deaths worldwide [1] and has left many more with long-term or even perma-28

nent effects [2, 3]. Since the early days of the pandemic, vaccines have been widely considered to be29

the only key to bringing down infection rates and keeping them permanently low. While highly effective30

vaccines have been developed [4] and their production has increased substantially, the race against the31

virus is far from being over. Firstly, while some developed countries are approaching the realm of herd32
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immunity, the vaccination campaigns worldwide have just begun and will likely continue through this33

year and 2023 [5]. Secondly, new virus variants have emerged, such as the Delta variant (B.1.617.2) which34

is approximately 2.5 times as transmissible in non-immunised populations as the original strain [6]. More35

recently, Omicron (B.1.1.529) has been shown to increasingly escape the antibodies formed in response to36

vaccination against the original SARS-CoV-2 strain [7]. New and more transmissible virus variants are37

likely to emerge in the future and may require new and adapted vaccines. Thirdly, there is widespread38

agreement that after the global pandemic is tackled, the virus will not go extinct, but become endemic39

[8] and keep mutating.40

In addition to the overall availability of vaccine doses, the lack of supply chain infrastructure in devel-41

oping countries is a limitation to distributing vaccines to developing regions [5, 9, 10]. Deficiencies in42

supply chain infrastructure manifest themselves in lack of air mail capacity [5], lack of local cold chain43

infrastructure and unreliable power supply for cold storage [9, 10]. In the past (outside the context of44

COVID-19), the World Health Organization (WHO) estimated that 50 % of vaccine doses may be wasted45

worldwide due to problems related to storage and shipping [5]. Clearly, solutions are required that enable46

both a reliable global supply and rapid deployment of vaccines, while being flexible enough to respond47

to local outbreaks and new variants emerging in the future.48

Mobile on demand (MOD) vaccine production provides a solution to the aforementioned problems. Here,49

MOD production is defined as the local production of vaccines in small standardised facilities supplying50

their surrounding environment. Localised production and distribution stands in contrast to the conven-51

tional approach of a centralised production in few unique large-scale plants. MOD production enables52

local production of vaccines in the regions of most need and thereby avoids supply chain infrastructure53

limitations such as an insufficient capacity of planes and airports to ship and receive cooled vaccine doses54

via air freight. Moreover, the MOD plants may be moved between highly affected areas to quickly tackle55

local outbreaks.56

MOD vaccine production can take place based on an established vaccine platform such as in vitro pro-57

duction of mRNA-based vaccines [4, 11, 12] or yeast-based production of virus proteins [13]. These very58

distinct platforms are chosen as examples in this work and will in the following be referred to as “yeast”59

and “mRNA”, respectively. The production process for a given platform will be similar for different vac-60

cines and enable use of the same production facility for all vaccines within the platform. The two chosen61

platforms belong to the category of recombinant vaccines that exhibit several advantages over the more62

established production of inactivated or live-attenuated viruses [14]. For example, in the production of63

recombinant vaccines, no human pathogen is deliberately introduced into the process, making them safer64

and easier to produce in small-scale plants [14, 15]. Viral vectors are also recombinant vaccines, but their65

production often requires mammalian cell lines, which are challenging to cultivate [16] and result in a66

time-consuming process [17].67
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Kis et al. [18] discuss and compare the economic feasibility of different vaccine types and the associated68

production platforms in a centralised and a distributed production scenario. However, the distributed69

scenario still assumes facilities producing one to several million doses per month, which places the dis-70

tributed scenario in between fully centralised and fully MOD production as we define it. While Kis et al.71

[18] develop production schemes at the flowsheet level, a more detailed discussion of the design of the72

miniaturised plant for MOD production in developing countries is missing. Schmidt et al. [19] develop73

a digital twin of a state-of-the-art, centralised mRNA production process that, among others, facilitates74

training of new personnel. On the industry side, Curevac holds a patent referring to small-scale mRNA75

production [20]. The patent focuses on a reactor concept, without considering essential parts of the76

overall process, such as downstream processing [20].77

Yeast-based fermentation for producing biopharmaceuticals has been suggested for MOD manufacturing.78

For instance, Crowell et al. [21] present a highly-automated fermentation process, capable of producing79

hundreds to thousands of doses of protein biologics, such as human growth hormone (hGH), interferon-80

alpha (IFN-alpha)-2b, and granulocyte colony stimulating factor (G-CSF), in perfusion mode. Other81

studies successfully demonstrate the production of these three proteins, from a decentralised perspective82

[22, 23]. In the context of COVID-19, Baylor College of Medicine and the Center for Genetic Engineering83

and Biotechnology (CIGB) each developed a protein subunit vaccine based on the spike protein receptor84

binding domain (RBD) of the SARS-CoV-2 virus using yeast as an expression host. The manufacture is85

based on production of a protein antigen by means of a classical large-scale fermentation process, making86

it suitable for technology transfer to developing country vaccine manufacturers [24, 25]. Nevertheless, a87

MOD plant design with techno-economic evaluation is missing for a COVID-19 yeast-based vaccine.88

In this article, two small-scale, container-based vaccine production processes based on yeast and mRNA89

are designed. The aim of this study is to quantitatively compare the developed processes to each other90

and to a centralised production in terms of their potential for combating a virus pandemic in low and mid-91

dle income countries. First, the designed small-scale processes and the container concept are described.92

Subsequently, the cost per vaccine dose of for both platforms are analysed and compared to a centralised93

production scenario. Finally, we conduct a facility location optimisation for a vaccination campaign in94

Nigeria as an application example.95

2. Results96

For both vaccine production processes, we create process models in SuperPro Designer [26], which we use97

to calculate mass and energy balances and to determine basic information on equipment sizing. In light98

of uncertain parameters, e.g., raw material prices and feasible batch volume, we specify a base scenario99

for each process (see Table 1), and then conduct a sensitivity analysis (see Section 2.3).100

The mRNA process starts with in vitro transcription of a linearised DNA template with co-translational101
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capping [27], the raw materials for which are produced off-site. The mRNA is purified using a series of102

tangential flow filtration (TFF) steps and an Oligo-dT affinity chromatography column [28, 29]. Finally,103

with the addition of functional lipids, the product is formed into lipid nanoparticles (LNP) using a104

microfluidic device [30–33], and filled into vials after a final buffer exchange and sterile filtration [34].105

The base case assumes a dose size of 100 µg mRNA, as is also present in the Moderna COVID-19 vaccine106

[35], and a production capacity of 10,000 doses per batch (see Table 1). We found that a batch can107

be finished within one day. Also, raw materials and single use equipment (SUE) for up to 100 batches108

as well as 210,000 finished vaccine doses can be stored in the containers. Therefore, a full vaccination109

campaign (see Table 1) can be conducted without resupply using the materials initially present in the110

container after delivery and is finished within 100 days. The mRNA process requires highly specific and111

difficult-to-ship raw materials, such as linearised DNA and a capping agent, so the frequency of resupply112

should be considered in the process analysis.113

The yeast process starts by thawing a vial from the working cell bank of the yeast Komagataella phaffii,114

also known as Pichia pastoris and inoculating the first bioreactor in the train. Glycerol is used as the115

carbon source for biomass growth. After reaching a biomass concentration of 30 g of cell dry weight116

(CDW) L−1 in the production bioreactor, the production of the protein of interest, i.e. the SARS-CoV-2117

spike protein, is induced by changing the carbon source to methanol [36–39]. The primary recovery of the118

secreted protein is carried out by filtration to separate the product from the cells. The subsequent purifi-119

cation sequence is based on hydrophobic interaction chromatography (HIC), TFF, and anion-exchange120

chromatography (AEC) [39, 40]. The base case for the yeast process assumes a production of 18,000 doses121

per batch each containing 50 µg of the antigen each and adjuvanted with 750 µg aluminium hydroxide122

(alum) and 500 µg of CpG 1018 [41]. For this process, 18 batches worth or raw materials can be stored123

in the containers. The time to produce a batch is found to be seven days without or four days with124

overlapping scheduling. More detailed process descriptions along with the flowsheets of the yeast and the125

mRNA processes are given in the supplementary information (SI).126

Table 1: Overview of key assumptions and parameters for mRNA and yeast process.

Category mRNA Yeast
Dose size / µg (mRNA or spike protein) 100 50
Doses per batch 10,000 18,000
Batches per campaign 100 100
Campaigns per amortisation period 1 1
Min. campaign duration / days 100 400
Max. no. of batches per resupply 100 18
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2.1. Container Design127

Both small-scale processes were adapted to be run in two ISO-668 20-foot standard shipping containers128

each. SUE was determined to be the most appropriate for MOD production. First, use of SUE is129

widespread in pharmaceutical production and well known for reduced fixed costs and increased flexibility130

when setting up new production facilities [42, 43]. Second, SUE may be more sustainable than traditional131

biomanufacturing processes given the need for less purified water for cleaning in place and steaming in132

place [44, 45].133

To produce pharmaceutical grade products, a cleanroom environment must be maintained inside the con-134

tainers [46]. To this end, heating, ventilation, and air conditioning (HCAV) systems with high efficiency135

particulate air (HEPA) filtration should be installed. These systems ensure 20 air changes per hour [46],136

as well as a controlled room temperature in any climate. Highly purified water is necessary for both pro-137

cesses (e.g., RNase-free water for the mRNA process), which is produced on site by filtration of drinking138

water [47]. Due to the cooling requirements for the stored substrates and products, a continuous electric-139

ity supply is necessary, which cannot be guaranteed from the local grids [5, 48]. Therefore, a 13.5 kWh140

lithium-ion battery system is integrated into the floor of the containers, ensuring, e.g., for mRNA, 5.7 and141

7.6 days of grid-independent operation during production downtime, respectively. Downtime electricity142

consumption is almost identical as it is dominated by refrigeration and the HVAC system. The batteries143

are used during road transport and in case of a power outage, which takes place frequently and lasts144

for around two hours on average in Nigeria, for example [48]. Finally, for both processes, filling, quality145

control, and storage of raw materials, SUE and products at cold and ambient temperature are included in146

the economic and spacial considerations. Figure 1 illustrates a possible configuration for a pair of mRNA147

production containers. More details on the spacial considerations and devices used can be found in the148

SI and in [49].149
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Figure 1: Schematic layout of the containerized mRNA production unit consisting of two shipping con-
tainers. Container dimensions shown are the inner dimensions of 2.35x5.90 m.

2.2. Cost Analysis150

In the base scenario (see Table. 1), the total production costs per dose are 20.84 and 8.06 e for the151

mRNA and the yeast processes, respectively (see Figure 2). Zero residual value of the equipment after152

use is assumed, i.e. the investment costs are divided by the number of doses produced in the assumed153

plant lifetime. For both processes, the investment costs are relatively evenly distributed between process154

equipment and auxiliary materials such as shipping containers, freezers and air conditioning, including155

the building costs. The category “consumables” refers to items and materials consumed during the156

production process that do not enter the main process stream, such as single-use bags, filter cartridges,157

and chromatography resins. In the mRNA process, proprietary consumables and raw materials represent158

major cost contributors. These include the capping agent CleanCap® [11, 27], the Oligo-dT affinity resin159

used for purification [29], and the SUE used in microfluidic LNP formation [50, 51] accounting for 2.96,160

2.97, and 5.95 e per dose, respectively.161
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Figure 2: Breakdown of the production cost per dose for the mRNA and the yeast processes.

For the yeast process, consumables are the major cost contributors (48.4 %) due to the use of single-use162

bioreactors and the single-use packed chromatography columns that are replaced after every batch. Due163

to the longer batch duration associated with the yeast process compared to mRNA, labor cost accounts164

for a more significant proportion. The raw materials representing 17.6 % of the final vaccine cost include165

those materials used for cultivating the yeast and the adjuvants added in the formulation step. The166

former are cheap and accessible, representing only 1.13 % of the total costs. However, the adjuvants that167

are added later in the process alone account for 16.5 % of the total dose cost. Protein subunit vaccines168

are formulated with adjuvants to elicit a stronger immune response [52]. Alum is the most commonly169

used adjuvant in vaccines globally, and is inexpensive [52]. Nevertheless, most COVID-19 protein-based170

vaccines contain a second adjuvant, namely CpG 1018, to improve the immune response [52]. The cost of171

this adjuvant was not provided by the manufacturer, but was estimated by the cost of finishing operations172

in vaccine production, as it includes formulation with adjuvants or stabilisers [53], accounting for 1.33 e173

per dose (see the SI). For both processes, the cost of quality control equipment and its operation is174

included with the equipment and consumable costs. A description of quality control measures is included175

in the SI. The operators will be free to perform such tasks during most of the batch duration, as action176

is mostly required between process steps not during them.177
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2.3. Sensitivity Analysis178

We carried out a local sensitivity analysis, which varies individual parameters within a realistic range to179

quantify the effect of certain changes to the process or the pricing of raw materials on the final production180

cost.181

The amount of active ingredient per dose ("dose size") varies within each platform. The currently approved182

mRNA vaccines contain 30 - 100 µg of mRNA per dose [35] with dose sizes down to 3 µg intended for183

children [54]. For yeast-based protein vaccines, 15 - 50 µg of protein per dose are currently investigated184

in clinical trials [41]. Due to the expensive raw materials required for producing mRNA, the effect of dose185

size on the production cost per dose is much bigger for the mRNA case than it is is for yeast (see Figure186

3). In addition to directly decreasing the cost per dose, a smaller dose size allows production of more187

doses per batch. For example, when producing 33,333 doses of 30 µg mRNA instead of 10,000 doses of188

100 µg mRNA, the production cost per dose drops by 72 % to 5.82 e. For the yeast process, the scale189

had the biggest influence on the final cost per dose. For instance, producing 36,000 doses of 50 µg protein190

decreases the cost per dose to 5.23 e.191

Doubling the plant lifetime of the mRNA plant from one to two campaigns by restocking it with raw192

materials after producing 100 batches reduces the cost per dose by approximately 5 %. A similar moderate193

effect of plant lifetime on production cost per dose can be observed for the yeast-based process, with a194

cost reduction by 7.74 %. Note that producing 100 batches takes 100 and 400 days and results in 1 and195

1.8 million doses in total for the mRNA and yeast process, respectively (compare Table 1).196

Having to increase the number of employees per shift or being able to decrease labor cost, e.g., through197

automation, could reduce the production costs significantly for the more labor-intensive yeast process, as198

labor represents almost 20 % of the costs. For the mRNA process, the product titre after the reaction step199

for a fixed raw material usage (i.e., the conversion efficiency) has a significant effect on the production200

cost. This is also the case for yeast, as here, the bioreactor volume limits the process scale, and therefore201

the titre affects the feasible scale. Reusing chromatography resins can lead to significant cost savings in202

both processes and should therefore be considered in practice.203

In the mRNA process, the cost of certain raw materials and process equipment has a large effect on the204

production cost per dose. These materials include the affinity resin, the capping agent CleanCap® and205

the operation cost of the microfluidic device for LNP formation. As an alternative to resin reuse, the206

cost of resin may be decreased by replacement of affinity chromatography by AEC [19, 55]. For the LNP207

formation device, we choose to include a 13 % discount in the sensitivity analysis as well as another device208

that is GMP certified, but does not exactly fit our desired scale and is therefore less cost-effective. The209

cost of CleanCap® and the microfluidic cartridges may vary substantially and depend on negotiations210

with the manufacturers including potential discounts for products intended for low and middle income211

countries [56]. With all sensitivity factors taken into account, the mRNA production cost per dose ranges212
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Figure 3: Sensitivity analysis results of (a) mRNA and (b) yeast process. mRNA production is highly
sensitive to dose size, proprietary equipment and raw materials. Yeast-based vaccine production strongly
depends on dose size, batch size and product titre after the bioreactor with constant raw material input.

from 4.24 to 46.82 e.213

The yeast-based vaccine is expected to use an expensive proprietary adjuvant [53], (see Section 2.2). The214

sensitivity of the adjuvant covers the effect of having alum exclusively in the formulation, as it is the215

case for some yeast- and protein- based COVID-19 vaccines, such as the highly effective Abdala vaccine216

(CIGB-66) [57] and one vaccine candidate by Chen et al. [58]. With all sensitivity factors taken into217

account, the yeast-based vaccine production cost per dose ranges from 2.61 to 18.19 e.218
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Recently, Kis et al. [59] performed a global sensitivity analysis on centralised mRNA, self-amplifying219

RNA (saRNA) and yeast-based viral vector vaccine production and identified the same main sensitivity220

factors for the yeast- and mRNA-based vaccines.221

Investigating the effect of the process scale in terms of doses per batch and batches per lifetime on the222

production cost per dose is of high interest in a MOD scenario. Figure 4 shows the effect of these factors223

on vaccine production costs for a fixed dose size. The batch size of both MOD processes is limited due224

to spacial limitations visualised in Figure 4 as hatched areas. The costs achieved in these areas would225

therefore only be feasible when relaxing the spacial constraints of MOD production as assumed in this226

work. Note that, when producing a vaccine using a smaller dose size, the limitation is shifted right to227

a larger number of doses per batch (see the SI). A special feature of the mRNA production plant is its228

ability to run without resupply for up to 100 batches with 10,000 doses per batch. If the number of229

doses per batch is increased over the base case (white point), raw material storage becomes limiting. In230

contrast, if the number of doses per batch is decreased, the storage space available for SUE limits the231

number of batches produced in between resupplies. Resupply for the yeast-based process is expected to232

be necessary more frequently than for mRNA, but at the same time to be less problematic. While many233

materials for the mRNA process are delivered frozen and are unlikely to be available locally, the raw234

materials for the yeast process are dominated by the carbon sources, glycerol and methanol, which may235

be available locally and shipped more easily.236

Overall, the vaccine production costs are highly sensitive to dose size, batch size, and purchase prices237

of consumables and raw materials. The charts in Figure 4 show that further scale-up of the processes238

or a longer operational lifetime beyond the chosen operation point comes with only a moderate decrease239
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Figure 4: Sensitivity of dose size and batch scale on the production cost per dose of mRNA (a) and yeast-
based (b) vaccine under otherwise base assumptions (see Table 1). The hatched area marks a possible
feasibility limit that depends on the dose size. Dashed lines mark resupplies of raw materials and SUE
needed for mRNA production after a certain number of produced batches. White points mark the base
scenario operation point. Dose sizes of 100 µg mRNA and 50 µg protein per are assumed
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in costs. However, for less than 50 batches of less than 5,000 and 10,000 doses of mRNA and yeast-240

based vaccine, respectively, the vaccines become exceedingly expensive to produce, i.e, the plants should241

produce more than approximately 250,000 - 500,000 doses during their lifetime.242

2.4. Comparison with Centralised Production243

We showed that MOD vaccines based on an mRNA and yeast platform are technically feasible at the244

production costs of 20.84 and 8.06 e per dose, respectively. For comparison, current selling prices per dose245

range from 8.62 to 31.98 e for the Moderna mRNA vaccine and from 5.82 to 20 e for the Pfizer/BioNTech246

vaccine [60]. In contrast to our base assumption of 100 µg of mRNA per dose, the Pfizer/BioNTech vaccine247

requires only 30 µg mRNA per dose, for which we calculate a cost per dose of 12.24 e with all other248

parameters held at their base value. The Novavax vaccine Covovax is a protein subunit vaccine like the249

one proposed in this work, although not produced by yeast, and is sold for 2.59 - 18.01 e per dose. The250

cheapest vaccine currently listed by UNICEF is the AstraZeneca viral vector vaccine Vaxzevria, sold for251

1.89 e per dose [60] to the European Commission.252

As shown in Figure 2, a significant portion of the vaccine cost is associated with raw materials and253

therefore, on a per-dose basis, stays constant when scaling the process. However, previous works studying254

centralised vaccine production assumed much cheaper purchase prices for some raw materials, such as255

CleanCap® for mRNA [43] and the adjuvant CpG 1018 for the yeast-based vaccine [61]. If these prices256

are achieved through volume discounts, we would expect the same discounts to also apply to a distributed257

concept such as ours with a central raw material supply. The mentioned works on centralised vaccine258

production estimate the production cost to be around 1.72 and 1.30 e per dose for mRNA and yeast-259

based vaccine, respectively [43, 61]. The lower production costs can be partly attributed to cheaper raw260

material purchase prices assumed, and partly to economies of scale.261

The reduced need for shipping of MOD-produced vaccines reduces the cost to produce and distribute a262

dose by two mechanisms. Firstly, the cost of shipping and intermediate storage is directly reduced. The263

shipping costs in Vietnam [62] and various African countries [63–65] have been found by observational264

studies [62, 65] and simulations [63, 64] to lie on the order of 0.2 - 0.7 e per dose. The second effect265

is the reduced loss of doses. Eliminating interregional transport and regional intermediate storage hubs266

from the distribution network reduces the occurrence of storage temperature excursions [9]. Considering267

that previous works report a 50 % shipment-related waste of vaccine doses worldwide [5], reducing dose268

spoilage represents a strong economic incentive.269

Another point to consider are investment costs. Centralised production requires large on-time invest-270

ments and construction projects usually taking on the order of seven years [18], although having been271

significantly accelerated during the COVID-19 pandemic. Meanwhile, achieving the same manufacturing272

capacity as large centralised facilities, MOD manufacture requires scale-out of production units, which273
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lacks the classic economies of scale as found in centralised plants. A comparison of investment costs274

reported in previous literature with our results is shown in Table 2. For mRNA, the results clearly show275

reduced investment costs for a single very large-scale plant as compared to building many smaller facili-276

ties, whereas, for yeast, our concept compares quite favorably to more large-scale concepts. It should be277

noted that the container-based plants, while potentially being cheaper, may have a shorter lifetime than278

a conventional facility. While investment costs are important to consider, only a small proportion of the279

production cost per dose is associated with them (see Figure 2), limiting their effect on the cost per dose.280

Table 2: Investment cost comparison with previous literature. Smaller plants are scaled-out to match
the production of the platform-specific large-scale example.

Platform Large-scale Intermediate-scale MOD

mRNA

No. of plants 1 476 2,192
Production capacity, 106 doses year −1 plant −1 8,000 17 3.65
Total investment cost, 106 e 1,800 11,700 4,318
Source [18] [43] This study

Yeast

No. of plants 1 3 18
Production capacity, 106 doses year−1 plant −1 30 10 1.64
Total investment cost, 106 e 91 - 200 81 - 174 40
Source [66] [66] This study

Besides complex construction projects, building large-scale plants requires scale-up of the process to281

unprecedented scale, whereas the MOD plants produce at the same scale as required for clinical trials282

and therefore bypass the technological risk and development time of upscaling. The first MOD plants283

supplying regions of most need can hence be commissioned shortly after approval of a new vaccine or284

pharmaceutical. Castillo et al. [67] reported that having an additional production capacity of one billion285

doses per year in early 2021 would have had a global benefit of 540 - 1,940 billion USD depending on286

the capacity already available at that point. Such numbers dwarf the difference in investment cost and287

even annual operating cost of MOD plants as compared to centralised facilities. In other words, if MOD288

plants allow to bring more doses to the market much more quickly than centralised plants, the potentially289

higher cost per dose might well be worth paying.290

2.5. Facility Location - Case Study for Nigeria291

The choice of batch sizes for the MOD processes was motivated by providing attractive economics while292

still adhering to the container concept. To give a notion of what this size means in practice, we provide293

an exemplary distribution of MOD plants in Nigeria, a country of the Global South with a moderate294

population density (see Figure 5). This particular distribution assumes mRNA production units that295

produce 100 batches of 10,000 doses each. To position the production units (consisting of two shipping296

containers each, see Section 2.1), the country is discretised into 774 points, which correspond to its local297

government areas (LGAs). Each of the LGAs should be provided with two vaccine doses for at least298
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80 % of its population during the campaign. When constraining the number of units to correspond to the299

exact minimum required to reach the overall vaccination rate (i.e., no overcapacity), the longest distance300

a vaccine dose must travel from its production site to the site of use is 81 km. When instead constraining301

the maximum travel distance to 50 km, 330 units are required, compared to a minimum of 310 units that302

would be required to supply the Nigerian population without considering travel constraints, corresponding303

to 94 % utilisation. Despite using simplifying assumptions such as geometrical distance between LGA304

centers, the results give a good impression of the practical implication of the chosen production volume305

per unit. Accordingly, the plant size and allocation strategy is well-suited to conduct a fast vaccination306

campaign for a country of Nigeria’s population density.307

For much lower population densities, the units supply exceedingly large areas, increasing the distance,308

doses are shipped (see the SI). Producing vaccines at approximately a quarter the rate as the mRNA309

process, the yeast-based process either leads to a longer campaign duration of about one year, or requires310

to position more units that produce less than 100 batches each before being collected for another cam-311

paign. The latter strategy is attractive for countries with a low population density, but increases plant312

off-times. The feasibility of moving plants during a campaign and its implications on productivity and313

economics are considered outside the scope of this work and may be considered in future work.314

100 km

Population
0
100,000
200,000
300,000
400,000
500,000

Figure 5: Optimal distribution of mRNA production units in Nigeria. Crosses mark position of one or
more production units.

3. Discussion315

In this work, we developed MOD vaccine production processes based on an mRNA and a yeast platform.316

The batch sizes were adapted to be compatible with small-scale plants that can be operated in two 20-foot317
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shipping containers each. The processes are based on currently available technology that matches the318

space constraints of the shipping containers. We thereby show that MOD manufacture of COVID-19319

vaccines is technically feasible. The expected costs per dose are 20.84 e for mRNA and 8.06 e for yeast320

for the base scenario, but can vary substantially depending on raw material costs, dose size and the321

chosen production volume per MOD plant.322

The cost and technical feasibility of the MOD mRNA process is highly dependent on purchase costs323

and availability of specific, often proprietary raw materials and equipment required due to novelty of the324

mRNA platform. This dependence on suppliers can also be understood as a lack of vertical integration325

in the MOD plants. The short development times for new mRNA vaccines and minimal process changes326

are strengths of the mRNA platform. Additionally, mRNA production uses smaller liquid volumes than327

an equivalent fermentation process, which is favorable when considering production in a constraint space.328

Moreover, due to the short batch duration, the mRNA MOD plants can conduct vaccination campaigns329

quickly without requiring any resupply after the initial setup. After that, the plants can be collected330

and restocked for a new campaign in another region, even though this is not necessary from an economic331

standpoint. Future alternative uses may be the small-scale production of cancer vaccines [68].332

The production of yeast-based vaccines is associated with a longer batch duration. Consequently, to333

achieve a reasonable overall production volume, the plants should be operated for more than a year.334

This may be longer than an ideal vaccination campaign following an acute local outbreak should take.335

However, an appropriate overall production volume can be achieved by relocating the plants. Due to the336

larger fluid volumes processed, the yeast-based plant requires more frequent resupply of raw materials337

and SUE than the mRNA plant, but many of the required materials for this more conventional process338

may be available locally. Moreover, local expertise might be available with this type of process in contrast339

to in vitro transcription of mRNA [24]. As proteins structurally differ more from one another than the340

mRNA encoding them does, it remains to show that the yeast process allows to switch to a new product341

with minimal process changes.342

When comparing the two considered platforms for MOD vaccine production in lower and middle income343

countries, we conclude that the reduced process complexity, batch duration and space demand renders344

the mRNA process more suitable for production in a confined space. However, if practical studies confirm345

that the MOD yeast process is indeed feasible, it offers reduced vaccine production costs and reliance on346

proprietary raw materials.347

The production costs per dose produced with MOD procedures we calculated were higher than the348

estimated production costs for centralised production [43, 61]. Furthermore, the production costs were349

higher than some current market prices for COVID-19 vaccines [60]. However, savings in the cost per350

MOD-produced vaccine dose may, for example, be achieved by serial production of MOD plants and351

reduction in shipping-related loss of doses, but are currently difficult to quantify. Last but not least,352
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using MOD plants may provide much needed vaccine doses more quickly than centralised production353

does, which may ultimately justify the extra costs.354

Because we have determined that MOD vaccine production is feasible and potentially attractive, future355

work should focus on a practical implementation of this approach. Despite our efforts to obtain accurate356

cost estimates for individual cost factors, we end up with a considerable uncertainty range in terms of357

final costs. This uncertainty range could be narrowed by establishing a pilot plant to determine the358

production costs more accurately. Additionally, further aspects that were not considered in this study359

(e.g., licensing, GMP certification, availability of trained personnel and potential political hurdles) will360

likely affect both the feasibility and the production costs. For example, a 2020 guideline by the FDA calls361

for facilities of suitable size and construction for the production of COVID-19 vaccines, which may impede362

the success of container-based plants [69]. Moreover, from raw material production to administering of363

the vaccine, there are many potential bottlenecks beyond shipping and vaccine production that should364

be assessed rigorously in future work.365

4. Methods366

4.1. Container Location Problem367

The results displayed in Figure 5 were obtained using GUROBI and its python interface GUROBIPY.

Solution times were on the order of 100 s on an Intel Core i7-10510U CPU (using 4 cores @ 1.80 GHz).

The results represent the globally optimal solution (optimality tolerance of 10−4) to the optimisation

problem given by

min
xi,j ,zi,j ,yi,dmax

dmax (1a)

s.t. nmax ≤
∑

i∈LGAs
yi (1b)

zi,jdi,j ≤ dmax ∀ i, j ∈ LGAs (1c)

xi,j ≤ zi,j ∀ i, j ∈ LGAs (1d)∑
i∈LGAs

xi,j ≤ 1 ∀ j ∈ LGAs (1e)

Rmin ≤
∑

i∈LGAs
xi,j ∀ j ∈ LGAs (1f)

nshots ∗
∑

j∈LGAs
xi,jpj ≤ cmax ∗ yi ∀ i ∈ LGAs (1g)

xi,j ≤ 1 ∀ i, j ∈ LGAs (1h)

xi,j ≤ yi ∀ i, j ∈ LGAs. (1i)
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Therein, the objective function dmax describes the maximum delivery distance of a dose and the pa-368

rameters di,j ∀ i, j ∈ LGAs mark the distance between two LGAs. The latter distance is simplistically369

determined as a geometrical distance, but can be replaced by the real driving distance or respective370

transport cost, if such data is available. The integer variables yi ∀ i ∈ LGAs correspond to the number371

of containers positioned the respective LGA. The continuous variables xi,j ∀ i, j ∈ LGAs denote the pro-372

portion of the demand in LGA j satisfied by the plants in LGA i. The binary variables zi,j ∀ i, j ∈ LGAs373

determine if supply from i to j exists. The constant nshots describes the number of doses per person, which374

is assumed to be 2 and the parameter Rmin describes the minimum vaccination rate. The parameters pj375

describe the population of the individual LGAs.376

The constraint Eq. (1b) limits the number of containers to a pre-specified number, for example the377

minimum number necessary to produce enough doses for the overall population of the country. The378

constraints Eq. (1g) limit the number of doses produced per unit to cmax, which is set to 1 million.379

Constraint Eq. (1f) sets a minimum vaccination rate Rmin, e.g., 80%, that must be satisfied in each380

region to achieve local herd immunity. The last constraint Eq (1i) is not necessary but helps accelerate the381

solution time of the optimisation. Moreover, we set those xi,j to zero a priori for which the corresponding382

distance di,j is above a certain threshold without altering the result of the optimisation.383

The optimisation can easily be modified, for example by replacing the objective function by the number384

of containers and fixing a maximum distance driven, dmax. This allows to calculate the minimum number385

of containers necessary for a given maximum driving distance.386
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