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Abstract  
The enzyme, T7 RNA polymerase (T7 RNAP), is one of the most expensive raw materials 
required for mRNA vaccine production. As part of establishing South African manufacturing 
of mRNA vaccine, it is of interest to investigate the feasibility and profitability of South African 
manufacturing of T7 RNAP.  
 
This project scaled up present lab-scale knowledge on T7 RNAP production and used SuperPro 
designer as a tool to model a T7 RNAP process. In order to achieve South African annual 
demand of the enzyme required in mRNA vaccine manufacturing, the model suggested a main 
bioreactor size of 15L and operating approximately 1.5 months a year. The economic 
assessment for the base case model, concluded the NPV to be $19,250,000, IRR to be 21.33% 
with a 3.92 years payback time. The results also imply that it is more affordable to manufacture 
T7 RNA polymerase in South Africa than purchase the enzyme from an international supplier. 
 
The sensitivity analysis showed that the model was sensitive to changes in revenue. If T7 
RNAP can be sold for approximately $2 million per gram, instead of $136 000 as the base case, 
higher profitability such as IRR of 148% and 0.23 years payback time can be expected. The 
model was also sensitive to changes in process parameters of both biomass yield and T7 RNAP 
yield. The evaluation of result validity suggests more research needs to be performed to obtain 
accurate and modern yields for industrial scale.  
 
Overall, the results indicate that South African T7 RNAP production is profitable and has 
capacity for more production annually than demanded in South Africa. Thus, it is 
recommended to investigate the possibilities to manufacture other required enzymes for mRNA 
vaccine production with the same process, to enable an independent value chain for South 
Africa. 
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Popular Science abstract 
The COVID pandemic revealed the African continent´s vulnerability in access to vaccines, 
when the COVID vaccine reached African countries later than other regions. In order to solve 
this problem WHO decided in 2021 to support African manufacturing by funding an mRNA 
vaccine technology transfer hub in South Africa. Ensuring sustainable mRNA vaccine 
manufacturing in South Africa, local access and profitable production of raw materials required 
for the vaccine are essential. The enzyme T7 RNA polymerase is one of the most expensive 
raw materials required for mRNA vaccine production. This is why it is of interest to investigate 
feasibility and profitability of South African manufacturing of T7 RNA polymerase.  
 
Currently, the T7 RNA polymerase process can be found in open literature for lab-scale but 
not pilot or industrial scale. Neither can any indication of profitability for T7 RNA polymerase 
manufacturing be found. This study aimed to fill that gap by upscaling present lab-scale 
knowledge on T7 RNA polymerase production and model the process to investigate its 
economic feasibility in South Africa. 
 
This project modelled the T7 RNA polymerase process using a simulation software. The results 
indicated that South African T7 RNA polymerase production is profitable and feasible. It was 
also shown that it is more affordable to manufacture T7 RNA polymerase in South Africa than 
purchase the enzyme from an international supplier.  
 
In summary, this thesis work contributes to the understanding of how to produce an enzyme 
required for mRNA vaccine production and proved it is profitable for this raw material to be 
produced in South Africa. The results open for new research opportunities to enable an entire 
independent value chain for South African mRNA vaccine. This would contribute to establish 
vaccine access for the African continent, so to be well equipped for next pandemic as well as 
meeting current needs of other diseases.   
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1 Introduction 

1.1 Problem statement 
Recent success of the mRNA vaccines developed for COVID has contributed to a greater 
interest in mRNA vaccines. COVID outbreak emphasized the need for a flexible and efficient 
vaccine production, which mRNA vaccine production can provide [1]. The concept of using 
exogenous mRNA to produce proteins in vivo is relatively new. Mice tests were first reported 
in 1990, but not until 2020 Moderna´s and Pfizer/BioNtech´s vaccines against COVID were 
the first mRNA vaccines approved by the FDA [2]. However, the vaccines did not reach 
everyone. According to the World Health Organization (WHO) Africa [3], Africa received 
COVID vaccines later than other regions in the world and in limited quantities. Thus, in order 
to better control outbreaks in the future as well as improving immunization of childhood 
diseases, more extensive African manufacturing of vaccines is needed [3]. WHO announced 
on 21st, of June 2021 that the Medicines Patent Pool and the Act-Accelerator/COVAX will 
support South African consortium to establish first mRNA vaccine technology transfer hub. 
The hub consists of Afrigen Biologics and Vaccines which establishes the technology, South 
African Medical Research Council (SAMRC) which provides the research and Biovac who 
will be the first manufacturer. In July 2021, the hub was ready to operate at Afrigen, located in 
Cape Town [4].   
 
The principle of mRNA vaccine, is to introduce mRNA that codes for a pathogenic protein into 
human cells [2]. The cell will synthesize the pathogenic protein which will generate an immune 
response that leads to protection from the actual pathogen [2]. One vital step of the mRNA 
vaccine manufacturing, is the In Vitro Transcription (IVT) where the mRNA is produced [2]. 
In that step, a RNA polymerase enzyme called T7 (T7 RNAP), is used to catalyse the synthesis 
of the mRNA from a DNA template,  see Figure 1 [1].  
 

 
Figure 1 DNA transcribed into mRNA by T7 RNAP. Figure adjusted from [1]. Figure created by using BioRender.com. 

Based on a model of mRNA vaccine process, presented in an article by Ferreira and Petrides, 
raw materials are responsible for 97% of the annual production costs [2]. T7 RNAP stands 
alone for 34% of the raw material costs, and thereby is the most expensive raw material 
reported in the article by Ferreira and Petrides [2]. Thus, it is believed there is potential for 
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most cost impact on the mRNA vaccine manufacturing by optimizing the production of T7 
RNAP. Moreover, according to a report by Public Citizen on how to make enough vaccine for 
the world in one year, the sudden increase of T7 RNAP demand can lead to that suppliers might 
be struggling to produce enough [5].  
 
In addition to mRNA vaccine, T7 RNAP has been widely applied in engineering genetic 
circuits [6]. T7 RNAP has great specificity for its promotors which can be used to produce a 
desired product by introducing a plasmid into E.coli with the gene of interest under the control 
of a T7 promotor [7]. T7 RNAP has been used to overexpress proteins in vivo and synthesize 
RNAs in vitro [7]. The large amounts of specific RNA that purified T7 RNAP can produce, are 
useful for any purpose requiring a specific RNA such as substrates for analysing processing 
reactions or RNA splicing [8].  
 
For T7 RNAP lab applications, several lab protocols of T7 RNAP preparation can be found in 
literature [8]–[17]. However, no information is available on T7 RNAP process on pilot or 
industrial scale, even though there is commercially available T7 RNAP. Currently, to the best 
of the authors´ knowledge, there is no T7 RNAP manufacturing with current Good 
Manufacturing Practice (cGMP) certification in South Africa that can supply the upcoming 
vaccine production in the country. Hence, establishing manufacturing of T7 RNAP in South 
Africa could also contribute to South African self-determination. A vital step for South African 
manufacturing of T7 RNAP, is to gain understanding of its feasibility and profitability with 
investment and production cost of such site locally.  
 
In addition, to the best of the authors´ knowledge, no technoeconomic analysis of T7 RNAP 
manufacturing in South Africa is present in open literature. This study aims to fill that gap by 
upscaling present knowledge on T7 RNAP synthesis, modelling the process to conduct a 
technoeconomic analysis.  
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1.2 Aim and Project Scope 
The ultimate goal is a sustainable local South African manufacturing of T7 RNA polymerase. 
The research presented in this report aims to create a process model of T7 RNA polymerase 
manufacturing in South African setting and investigate its economic feasibility. The project´s 
hypothesis is that T7 RNAP would be more affordable to produce in South Africa than 
purchasing it externally.   
 
Objectives:  

● Set up process model of T7 RNAP in SuperPro Designer based on lab protocol 
● Scale up model to industrial size  
● Analyse economic data & modify model 
● Analyse sensitivity of the model 

 
Scope: 

• In-silico simulation 
• Creating model using SuperPro Designer  
• T7 RNA polymerase manufacturing by using E.coli 
• Factors scale up from lab protocol on raw materials and equipment sizing when 

applicable 
• T7 RNAP demand based on mRNA vaccine production 
• Cost estimations based on South African setting when achievable 
• Process limits: starting from seed bioreactor, ending with product stream excluding cold 

storage, cleaning-in-place as well as sterilization-in-place  
• Out of scope: T7 RNA polymerase incorporated into mRNA vaccine production 

 
The key questions that this research aims to answer are:  

• Would South African T7 RNAP production be profitable?  
• How many operating hours are required to fulfil South African demand of T7 RNAP? 
• What economic parameters are most sensitive in the model? 
• What process parameters has largest effect on profitability? 
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2 Background 

2.1 mRNA vaccine production 
There are different process step combinations that are possible when producing mRNA vaccine 
[1]. One way to synthesize mRNA vaccine is with the process steps: RNA synthesis, 
purification and lastly nanoencapsulation, see Error! Reference source not found. [2]. The 
RNA synthesis starts with plasmid DNA (pDNA) linearization using a restriction enzyme to 
cut the circular DNA [2]. It is followed by In Vitro Transcription (IVT) where the mRNA is 
synthesized enzymatically [2]. The IVT can include the following enzymes: T7 RNAP (to 
catalyse the mRNA synthesis), murine ribonuclease inhibitor (to prevent degradation of the 
RNA formed) and pyrophosphate (to break down pyrophosphate into phosphate ions) [2]. After 
IVT a second enzymatic reaction takes place using the vaccinia capping enzyme and a methyl 
donor substrate such as 2′-O-methyltransferase enzyme [1], [18]. The vaccinia capping 
enzyme, is a complex consisting of two subunits (D1 and D12), where three enzymatic 
activities are combined in D1 (RNA triphosphatase, guanylyltransferase and guanine 
methyltransferase), while D12 stabilizes the D1 protein [18], [19]. Lastly in the RNA synthesis 
process, DNase can be added to degrade the DNA template [20].  
 
Thereafter the purification takes place, which can involve crossflow filtration, oligo-dT 
chromatography, hydrophobic interaction chromatography, followed by another crossflow 
filtration [2]. Nanoencapsulation is the final step, where the purified mRNA is mixed with 
lipids to form lipid nanoparticles with mRNA strands in the middle [2]. The solvent in the 
solution is also replaced to a suitable formulation buffer [2].  
 

 
Figure 2: Schematic representation of mRNA vaccine production, adjusted from [1], [2], [18]–[20]. The three process steps 
are colour coded: RNA synthesis (blue), purification (purple) and nanoencapsulation (green). The figure also illustrates which 
enzymes are required for the different steps in the RNA synthesis. T7 RNAP is emphasized in red. Figure is created with 
BioRender.com. 
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Depending on the manufacturer, the amount of mRNA in a vaccine dose varies. Moderna´s 
COVID mRNA vaccine contains 100µg mRNA per vaccine dose, whereas BioNTech-Pfizer 
and CureVac contains 30µg and 12µg mRNA per vaccine dose respectively [5]. Consequently, 
more raw materials such as T7 RNAP is required for manufacturers with higher amount of 
mRNA. Moderna´s vaccine requires, 0.67µg (300 U1) T7 RNAP per vaccine dose [5]. The 
amount of T7 RNAP required for vaccine doses from BioNTech-Pfizer and CureVac, is 0.30µg 
(90 U) and 0.08µg (36 U) respectively [5]. However, in 2022 FDA approved Moderna to reduce 
the mRNA amount to 50µg for COVID booster dose [21].  

2.2 T7 RNAP synthesis  
T7 RNA polymerase is part of the enzyme family who synthesize nucleic acids (the 
polymerases), and originates from the bacteriophage T7 [7]. T7 RNAP can be produced upon 
infection of an Escherichia coli cell and has a transcription rate 8 times higher than the native 
E.coli RNAP [7], [22]. The early region of T7´s genome, that are induced into the E.coli, is 
transcribed by the native E.coli RNAP leading to the synthesis of T7 RNAP, see Figure 3 [23]. 
T7 RNAP is highly selective of its own promotors, directing transcription to its own DNA 
rather than E.coli´s DNA [24]. Once T7 RNAP has been produced, other products from T7 
gene inactivates the native E. coli RNAP [8], making it possible for more production of T7 
RNAP. However, the enzyme is only synthesized for a few minutes during infection of the 
host, as a result the yield of purified T7 RNAP from infected cells is not particularly good [8]. 
An alternative to infected cells, is to use a clone of the T7 RNAP active gene in a plasmid [8].  

 
Figure 3  Synthesis of T7 RNAP in E.coli, by producing the first T7 RNAP from T7 genome using E.coli RNAP. Then, T7 RNAP 
selectiveness of its own promoters leads to more production of T7 RNAP. Synthesis adapted from [7], [8], [22]–[24]. Figure 
created by using BioRender.com. 

2.3 T7 RNAP production process 
A schematic representation of T7 RNAP preparation can be seen in Figure 4.  

 
 
1 Amount of T7 RNAP required in Units (U), was calculated using specific enzyme activity 450 000 U/mg T7 
RNA polymerase that was found in literature [13]. 
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Figure 4 Schematic representation of T7 RNAP preparation lab protocol, adapted from literature [9]. Number 1-3 represent 
the upstream process, while number 4-10 the downstream process where the purification occurs. Figure created by using 
BioRender.com. 

The preparation of T7 RNAP can be divided into upstream process, where the production of 
T7 RNAP occurs, followed by downstream process including recovery and purification of the 
product. The upstream process starts with preparation of inoculum, where a pre-culture is 
needed to start the cell growth. The E.coli B strain BL21 (DE3) is the most widely used host 
for protein production [22]. For T7 RNAP production, BL21 has been used with the plasmid 
pAR1219, carrying genes for T7 RNAP [13]. To address the problem of plasmid instability, 
antibiotics have been added 13], [25].  
 
The pre-culture is inoculated in a growth media, for instance lysogeny broth (LB) medium  [9]. 
Next step in T7 RNAP preparation is incubation, as seen in Figure 4, where Isopropyl β-D-1-
thiogalactopyranoside (IPTG) is added. IPTG is a chemical reagent that can remove a repressor 
from the genome, which enables T7 RNAP binding to T7 promoter [26]. As a result, the 
transcription can start and allows T7 RNAP to accumulate in the cells [17].   
 
After incubation, the cells are harvested using centrifugation, which is followed by the first 
step of the downstream process: resuspension, which prepares for cell disruption [9]. Since T7 
RNAP is expressed intracellular, cell disruption is required to break open the cells to release 
their contents [27]. The organic waste left after a cell dies, the cell debris, generated from the 
cell disruption is separated from the product by centrifugation [27].  
 
The next purification step in the downstream process is precipitation. Streptomycin sulphate is 
added to precipitate nucleic acids, which are removed with centrifugation [9]. To further 
separate and purify T7 RNAP from ribonucleases and other host cell proteins, ion exchange 
chromatography is used [13], [27]. Thereafter dialysis takes place to exchange the buffer, which 
will be the solution T7 RNAP is stored in [9]. Dithiothreitol (DTT) is one of the ingredients in 
the dialysis buffer that is added to T7 RNAP to prevent oxidative inactivation during storage 
[10]. The last step before storage, described in lab protocols, is to concentrate the sample where 
approximately 4g/L has been achieved [9], [14], [16].  
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3   Method 

3.1 Modelling, simulation and economic assessment software 
It is well known that process simulation shortens the time required for process development 
and allow comparison of process alternatives [28]. SuperPro Designer v12.03 (SPD) has been 
used to model T7 RNAP process with respect to technical and economic parameters. The 
software was also used to conduct an economic assessment, see 3.3 for specifics on costing.    

3.2 Design basis  
Since there is no available published T7 RNAP industrial process, lab protocol by Rues et al 
was applied to model a batch process, with scale up factor 10 [9]. For appropriate scale-up and 
input to model, other information sources on industrial enzyme production have also been used, 
which are presented in the following section.  

3.2.1 Upstream 

3.2.1.1 Microorganism 
The E.coli strain BL21 carrying the plasmid pAR1219 was used as expression system.  Several 
lab protocols have used an ampicillin resistance plasmid, and added ampicillin to the growth 
media, while a few protocols have been found to not use antibiotics [9], [13]. Antibiotics, such 
as ampicillin, have been used to address the problem of plasmid instability [25]. In general, 
plasmid-bearing cells have reduced growth since the protein production is a burden for the 
cell´s metabolism, compared to plasmid-free hosts [25], [29]. In order to avoid overgrowing of 
plasmid-free cells, antibiotic resistant genes are used as a selectable marker, and ensures 
survival as well as growth of plasmid-bearing cells when antibiotics are added, [25]. This work 
aims to model a GMP manufacturing site, hence the antibiotic kanamycin was used since it is 
one of the few antibiotic resistance genes that U.S. Food and Drug Administration (FDA) has 
approved [25], [30].  

3.2.1.2 Growth media and cultivation conditions 
The lab protocol from Rues et al used LB medium as growth media, while Zawadzki et al and 
Davanloo et al used M9 TB [8], [9], [12]. In general, growth media is required to contain 
sources of carbon, nitrogen, salts and some growth factors [31]. For the model, E.coli biomass 
was assumed to be formed in the bioreactor, based on an empirical formula of biomass and a 
mass stochiometric equation used for modelling purposes in literature, see equation (1) [32].   
 
 

 
 (1) 

It was assumed, based on equation (1), that raw materials required for the reaction was glucose, 
air and ammonia. Glucose was modelled as the only limiting nutrient with conversion rates 95-
100%, since other models have made similar assumption and it has been shown that glucose 
transport in E.coli is the growth-limiting step [32], [33]. Consequently, the scale up factor 10 
from Rues et al lab protocol on growth media, was applied to glucose input stream in the model. 
Input of air and ammonia was added in excess, although in a scale appropriate to equation (1), 

180.16 C6H12O6+ 93.67 O2+ 9.97 NH3 → 72.06 CH1.8O0.5N0.2 + 135.27 CO2	+ 76.47 H2O 
             Glucose        Oxygen      Ammonia          Biomass              Carbon dioxide        Water
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see details in 7.1 Appendix 1. For the air, a compressor and air-filter was included in the model 
to generate a sterile air feed (as been seen in other work [32]).  
 
Due to the scale up factor 10 on the glucose stream, the size of the main bioreactor became 
15L, with approximately 10.3L working volume. The seed bioreactor was assumed to be 10% 
of the main bioreactor and the size 2L was chosen for commercial availability. An appropriate 
volume of pre-culture from the seed bioreactor was transferred to the main bioreactor to achieve 
initial optical density value at wavelength 600 (OD600) of 0.1 [15]. OD600 of 0.1 was converted 
to 0.024 gram dry E.coli per litre bioreactor, using online converter and E.coli dry weight [34], 
[35]. The mass stochiometric equation for E.coli growth in the seed bioreactor, is shown by 
equation (2), where 0.50 g/g biomass yield from glucose was assumed [32].  
 

180.16 C6H12O6+69.10 O2+12.46 NH3 → 90.08 CH1.8O0.5N0.2+ 103.08 CO2+	68.56 H2O 
(2) 

Equation (1) was used for growth in the main bioreactor assuming 0.40 g/g biomass yield from 
glucose [32]. Kanamycin was added for costing purposes to both glucose streams of seed and 
main bioreactor in concentration of 0.1g/L [13]. IPTG was also added to the main bioreactor 
due to cost and achieved a final concentration of 1mM [9]. The output stream from the main 
bioreactor moved to a disk-stack centrifuge, modelled to separate media from cells with exiting 
concentration of 120g/L biomass in solid stream. Disc-stack centrifuge was chosen as it has 
been shown to be commonly used in bioprocessing [27].  
 

3.2.2 Downstream 

3.2.2.1 Cell disruption and yield 
As the upstream process ends, it was assumed the solid stream from the centrifugation was 
collected in a tank where a resuspension buffer was mixed with the biomass, to prepare for cell 
lysis. The addition of resuspension buffer was in correlation with scale up factor 10 from Rues 
et al lab protocol. Further details of media contents and main process parameters are provided 
in 7.1 Appendix 1 Table 7.1.1 respective Table 7.1.2. 
 
In lab protocols for T7 RNAP preparation, the main cell lysis methods used are French press 
[9], high-pressure homogenization [15], or sonication and centrifugation [12] ,[13], [17]. 
Zawadzki et al used egg white lysozyme followed by sonication to reduce the viscosity of the 
lysate and then centrifugation [12], [17]. Davanloo et al performed a similar procedure [8]. For 
industrial scale, high-pressure homogenization has been used for cell disruption, and was 
therefore included in the model [27], [36]. In the homogenization process, biomass was 
modelled to convert into its main components. The main composition of E.coli can be seen in 
Table 3.2.1. 
 
Table 3.2.1: E.coli composition, data from ECMDB [35]. 

Component Volume % 
Water 70 
Protein 17 
Nucleic acids (incl. rRNA, 
tRNA, DNA, mRNA) 

7 

ribosome 6 
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An adjusted cell composition was made in this work, which is provided in 7.2 Appendix 2, 
Table 7.2.1. The cell components were adjusted to include T7 RNAP and cell debris, which 
was assumed to be all ribosomes and membrane proteins (which is 1/3 of the total number of 
proteins in cell [35]). Results from SDS-PAGE performed by Davanloo et al, suggests T7 
RNAP represent 10-20% or more of the total protein in E.coli [8]. An average of 15% were 
used of the total protein volume to represent T7 RNAP composition in E.coli, see the adjusted 
composition in 7.2 Appendix 2, Table 7.2.1. Mass coefficients were obtained with the adjusted 
cell composition, which can be used in the material balance for cell disruption in the high-
pressure homogenization. However, literature research was also performed to find articles that 
explicitly reports T7 RNAP yield, which can be converted to mass coefficients as it is required 
input for the model.  
 
Different yields for T7 RNAP expressed in E.coli at lab-scale have been reported, see Table 
3.2.2. Milligan et al reports 30mg of purified T7 RNAP per litre cell culture, using the E.coli 
strain BL21 and the plasmid pAR1219 [10]. Zawadzki et al used the same strain and plasmid 
as Milligan et al, and describe a yield of 11.25 mg purified T7 RNAP per gram E.coli [12]. 
Davanloo et al reports 15mg purified T7 RNAP per gram E.coli, using a different E.coli strain 
HMS174 [8]. The yield achieved from the three different sources in Table 3.2.2 was assumed 
to be expressed in wet cell weight, while for modelling purposes dry cell weight was used. 
Thus, volume % were adjusted to dry cell weight which was the basis for material balances 
required for the homogenization process. Composition and material balances for four scenarios 
are provided in 7.2 Appendix 2 Table 7.2.1-Table 7.2.4, including the three yields from Table 
3.2.2 and composition data adjusted from Table 3.2.1. The scenario with T7 RNAP yield and 
biomass yield from Zawadzki et al was assumed to be the base case. A sensitivity analysis was 
made including the other scenarios, see section 3.4.   
 
Table 3.2.2: Yields of T7 RNAP and biomass reported in T7 RNAP preparation lab protocols from literature. 

Reference T7 RNAP Yield  
[mg purified T7 RNAP  
/g E.coli] 

Biomass yield  
[g E.coli /L culture] 

Strain/Plasmid 

Milligan et al [10] 3* 10**  BL21/pAR1219 
Zawadzki et al   [12] 11.25  8 BL21/pAR1219 
Davanloo et al [8] 15 10 HMS174/pAR1219 

*Converted from 30mg/L cell culture by dividing with biomass yield.  
 **Refers to Davanloo et al 

3.2.2.2 Purification 
In order to purify T7 RNAP from other E.coli intracellular components, the cell debris was 
separated from the solution by disk-stack centrifugation, which was assumed to remove 100% 
of the debris. The nucleic acids were assumed to be fully precipitated by the addition of 
streptomycin sulphate and was separated with another disk-stack centrifuge with the 
assumption of 100% nucleic acid removal and 5% protein (excluding T7 RNAP) removal.   
 
To further purify the solution containing T7 RNAP, a 50 mL ion exchange chromatography 
column was modelled. Sizing of the column volume was based on Q Sepharose binding 
capacity for the protein BSA of 42mg/mL resin [37], the assumptions that 70% of the column 
volume was resin while the rest was void as well as the binding capacity utilization was 70%. 
To finalize the column volume calculation, the amount of T7 RNAP loaded to the column in 
the model was taken into consideration. Details of the calculations can be viewed in 7.3 
Appendix 3. The column was washed with equilibrium buffer (content details in 7.1 Appendix 
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1 Table 7.1.1), and eluted with sodium chloride. The main solution exiting the chromatograph 
was assumed to solely contain T7 RNAP, sodium chloride and water, while the rest were 
modelled to be washed out of the column.   

3.2.2.3 Formulation 
To adjust the buffer exchange step for industrial scale, a diafiltration unit was used, where the 
buffer was exchanged to a formulation buffer including DTT. Milligan et al claims T7 RNAP 
is stable for long periods of time, but suggests to add DTT every 6 months during storage [10]. 
More recent research adds glycerol to a final concentration of 50% as a final step and then store 
at -80°C [9], [16]. Schwarz et al propose samples can be stored at -70°C for years, and at -20°C 
for months [11]. In our model, glycerol was added to a final concentration of 50%, although it 
does not include a final storage tank with cooling, instead it is ended with a product stream. 
This was done to be able to model a revenue stream.  

3.2.3 Annual throughput 
A targeted annual throughput amount for T7 RNAP was set to 38.1g. This was based on future 
demands estimations of mRNA vaccine in South Africa. It was assumed that mRNA vaccine 
will be able to cover all kinds of vaccines required yearly for an individual in South Africa. 
Thus, three vaccine doses per individual were considered to cover for instance annual vaccine 
dose of COVID, Zika and influenza. Future demands were also based on 60 million people as 
South Africa´s population size and the South African population vaccination rate from two 
doses of COVID vaccine which is approximately 32% [38], [39]. The amount of T7 RNAP 
required per vaccine dose was assumed based on Moderna´s COVID vaccine, which is 
presented in section 2.1.   
 
As the annual throughput was set, the annual operating time available was varied to keep the 
scale up factor 10 from the lab protocol on the process and thereby keeping reasonable 
production scale size of bioreactors.  

3.2.4 Other process assumptions 
Cleaning-in-place (CIP) and sterilization-in-place (SIP) systems were not included in the model 
as it is stated out of scope in section 1.2. However, an estimate of duration for cleaning was 
included as set-up time for each equipment, which also includes labour costs for cleaning. Total 
cleaning time for the bioreactors was estimated to 8h, while other equipment to 1h. Exceptions 
were made for the chromatograph where washing and regeneration already were included, as 
well as air compression and filtration since they were assumed to not need cleaning.  
 
According to lab protocols in Rues et al and Schnieders et al, centrifugation for cell harvest as 
well as following purification steps should be performed at 4°C for enzyme stability [9], [15]. 
At industrial scale, electrical cooling in centrifuges is assumed. However, in SuperPro Designer 
electricity could not be used as cooling agent for centrifuges, high-pressure homogenization or 
diafiltration. Glycol was instead used in the model as cooling agent for the mentioned 
equipment types. The buffers, streptomycin sulphate and the solutions added to the 
chromatograph were assumed to be refrigerated and modelled to be added at 4°C. However, 
costing for refrigeration was not included in the model, since a cold room was assumed to be 
included in the facility. Although for the tanks where resuspension buffer and streptomycin 
sulphate were added, an electrical cooling step was used.  
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3.3 Economic Assessment 
The economic assessment was performed using SuperPro Designer´s tools for economic 
calculation. Cost estimations were made for raw material, utilities and labour based on a South 
African setting. The equipment cost provided by SuperPro designer was used since the built-
in correlations for most equipment are suitable for fine chemicals and pharmaceuticals [40]. To 
adjust the equipment costs, South African inflation rate was added as an economic evaluation 
parameter in SuperPro Designer. Key parameters for the economic assessment are provided in 
7.4 Appendix 4 Table 7.4.1.  

3.3.1 Cost estimations 
The cost of raw materials can be viewed in Table 3.3.1, which were based on market price from 
Alibaba platform or by Ferreira et al [32], [41]. The costs obtained from Ferreira et al, were 
updated from 2017 to 2022 (n number of years) by inflation rate, i, with equation (3), where P 
is the cost 2017 and F is the cost 2022 [42]. The inflation rate was assumed to be the average 
world inflation from 2018 to 2022, which was 3.48% [43]. The raw material prices from 
Ferreira et al shown in Table 3.3.1 are the adjusted cost for 2022.  
 

𝐹 = 𝑃(1 + 𝑖)! 
(3) 

 

In difference to the other raw materials, streptomycin sulphate cost was obtained from Sigma 
Aldrich, which was assumed to provide for lab scale purposes and not industrial scale [44]. The 
higher cost shown in Table 3.3.1 were therefore assumed to include shipping as well as taxes 
and custom fees. For all other raw materials, a shipping cost was added to cover transport cost 
to South Africa. The shipping cost was estimated to 19.01 USD/kg based on highest weight 
cost (R9140/27.5kg) for export from South Africa available in DHL Tariff guide [45]. 
Moreover, Value-Added Tax (VAT) of 15% was added as well as 10% which was assumed to 
cover custom fees [46].   
 
Table 3.3.1: Cost of raw materials. Except were indicated, the prices were market prices obtained at the Alibaba platform or 
by Ferreira et al. For the latter an inflation rate calculated was made to adjust prices from 2017 to 2022. For the final cost, 
shipment cost as well as 15% VAT and 10% for customs were added.  

Raw material Price 
[USD/kg] 

Source Shipping added 
[USD/kg] 

Final cost (25% 
added) [USD/kg] 

b-mercaptoethanol 10.00 Alibaba 29.01 36.27 
Ammonia gas 0.35 Ferreira et al 19.36 24.20 
Dipotassium phosphate 1.48 Ferreira  et al 20.49 25.62 
DTT 18.00 Alibaba 37.01 46.27 
EDTA Disodium 3.14 Ferreira  et al 22.16 27.69 
Glucose 0.76 Ferreira et al 19.77 24.71 
Glycerol 0.70 Ferreira  et al 19.71 24.64 
IPTG 689.13 Ferreira et al 708.14 885.18 
Kanamycin sulphate 36.37 Ferreira et al 55.39 69.23 
Sodium Chloride 0.05 Alibaba 19.07 23.84 
Streptomycin sulphate 839.00 Sigma Incl. 839.00 (incl.) 
Tris_HCl 50.00 Alibaba 69.01 86.27 
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Another material used in the process was Water for Injection (WFI), which cost data are 
provided in 7.4 Appendix 4 Table 7.4.1. Water purification process was excluded from the 
model presented, however for costing purposes a purification process was considered. In 7.4 
Appendix 4 Table 7.4.1 utilities costs are also provided. The electricity cost was locally 
obtained for Cape Town area, based on the assumption that a T7 RNAP factory could be built 
in Cape Town area since it would be close to the potential demand for mRNA vaccines from 
the vaccine manufacturer Biovac. Loadshedding and generator costs were not included in the 
electricity cost estimations, since it was assumed that a generator is standard to already be on-
site for any hi-tech manufacturing plant in South Africa. Additional cost information regarding 
utilities, labour and time parameters are provided in 7.4 Appendix 4 Table 7.4.1. It was assumed 
for safety reasons that one extra operator needed to be added to SPD default labour setup, to in 
total 2 operators for every unit operation. Except for unit operations in gas compression and air 
filtration, where one operator was assigned for those units coming into the seed train and 
another operator for the main bioreactor. This because these units are scheduled to be 
performed during the same time and assumed to be located in the same room.  
 
Another estimation made for operating costs, are the facility dependent costs, which were based 
on capital investment parameters (note not operating parameters). The capital investment 
parameters include maintenance from equipment specific multipliers which was set to SPD 
default values (based on equipment purchase cost), as well as depreciation and miscellaneous 
costs. The miscellaneous costs were set to 1% of direct fixed capital (DFC) for insurances, and 
2% respective 5% of DFC for local taxes respectively factory expense. It should be noted that 
the operating cost category waste disposal, was not considered in this project and was set to 
zero.  
 
The exchange rates used to obtain values in American dollars for SuperPro Designer cost input, 
are provided in 7.4 Appendix 4 Table 7.4.2. In the case of raw materials, exchange rates from 
euros were used for WFI. Conversion from South African rand to American dollars, were made 
for costs of shipping, electricity, cooled and chilled water as well as labour.  

3.3.2 T7 RNAP pricing 
Three market prices for T7 RNAP could be found, which are provided in Table 3.3.2. From a 
global commercial lab supplier, a quote was acquired in August 2022, for T7 RNAP 200U/µl 
with 25000U. To be able to obtain pricing in American dollars per gram, specific enzyme 
activity 450 000 U/mg T7 RNAP was used that was found in literature [13], as well as exchange 
rates from South African rand provided in in 7.4 Appendix 4 Table 7.4.2. The second source 
presented in Table 3.3.2, is from Public Citizen who reported a total price of the amount T7 
RNAP required to produce 8 billion doses of mRNA vaccine, which was converted to $136,312 
per gram T7 RNAP [5]. Lastly, an article by Ferreira and Petrides, used the price $300 per ml 
T7 RNAP stock solution [2]. Ferreira and Petrides reports annual consumption of T7 RNAP in 
weight and volume of their mRNA vaccine process model, which results in the concentration 
1000g/L in the stock solution, leading to a price of $300 per gram T7 RNAP [2]. The 
concentration used in that article was judged to be unrealistic compared to concentrations 
reported in lab protocols to maximum 8g/L T7 RNAP [9]. Therefore, the pricing from Ferreira 
and Petrides was not considered further in this work. The price from Public Citizen was chosen 
for the base case, and the price from the commercial lab supplier was considered in the 
sensitivity analysis in section 3.4.  
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Table 3.3.2 Market prices for T7 RNAP from three different sources. 

Source Price [$/g] 
Commercial lab supplier 1,988,455 
Public Citizen [5] 136,312 
Ferreira and Petrides [2] 300 

 

3.4 Sensitivity analysis 
A sensitivity analysis was performed in order to determine the effect of macroscale changes in 
economic parameters, section 3.4.1, and microscale perspective focusing on process parameter 
changes, section 3.4.2.  

3.4.1 Macroscale: economic parameters 
Economic calculations were made in the macroscale sensitivity analysis for profitability 
indicators: gross margin, return on investment (ROI), payback time, net present value (NPV), 
and internal rate of return (IRR).  

3.4.1.1 Profitability analysis 
The calculations were based on cash flow analysis data from SPD over 25 years (the project´s 
lifetime) extracting following: distribution of direct fixed capital, sales revenue, operating cost 
and depreciation. The timeline was adjusted to 0-24 years, where year 3 marks the start of 
operation since construction period and start-up time occurs years 0-2, see detailed time and 
other cost parameters in 7.4 Appendix 4 Table 7.4.1.  
 
Gross profit was calculated by subtracting the cost of sales (operating costs in this case) from 
sales revenue for each year [47]. Gross profit subtracted by depreciation results in taxable 
income, and net profit refers to the income after taxes been deducted (tax rate provided in 7.4 
Appendix 4 Table 7.4.1) [47]. Net cash flow (NCF) was calculated by deducting direct fixed 
capital from net profit, which was used to obtain cumulative NCF [47]. Cumulative NCF 
illustrates when the total of cash flows in the project breaks from negative value to positive 
[48]. Lastly, discounted NCF was calculated by dividing net cash flow by cost of capital (details 
are explained with NPV in section 3.4.1.2) [47].  

3.4.1.2 Profitability indicators 
The gross margin reflects the proportion of sales revenue that results in gross profit, and was 
calculated based on gross profit and sales revenue from year 3 (in line with SPD calculations) 
[47]. The ROI measures the net profit (from year 3) as a percentage of total investment 
(including start-up cost and working capital) [47]. The payback time is the period required to 
recover investment cost with net cash inflows [47]. It was identified where cumulative NCF 
reaches start-up cost, starting from operation time (excluding construction period and start-up 
time), see more details in 4.4.4 Limitations of SuperPro Designer for economic assessment. 
The NPV measures the present value of all expected NCF for the project, by the sum of 
discounted NCF, described by equation (4). In equation (4) the project´s lifetime, T, was 24 
(since it starts on year 0) and the cost of capital, k, was 7%.   
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An internal rate of return (IRR) was calculated and represent the cost of capital at which the 
NPV is equal to zero [48].   

3.4.1.3 Changed economic parameters  
The above profitability indicators were calculated for 20% variations in direct fixed capital, 
operating cost, and sales revenue. In addition, sales revenue was specifically changed to the 
price of T7 RNAP from commercial lab supplier due to its large deviation from base case 
(1359% higher sales revenue than base case). No economic calculations were made for this 
specific case, instead it was modelled into SPD and economic evaluation reports were extracted 
from the simulation.  

3.4.2 Microscale: process parameters 
A microscale sensitivity analysis was done focusing on process parameters to investigate how 
sensitive the model is to changes in upstream and downstream process related to biomass yield 
and T7 RNAP yield respectively. The base case was based on yields obtained from Zawadzki 
et al (see Table 3.2.2). The microscale sensitivity analysis aimed to investigate the effect on 
annual throughput, cost and profitability if other references for yields were used. The 
microscale sensitivity analysis was performed by changing parameters in the model in SPD. 
Regarding changes in T7 RNAP yield, different mass coefficients were applied in the 
homogenization, based on calculations presented in 7.2 Appendix 2 Table 7.2.1, Table 7.2.3, 
Table 7.2.4. Economic evaluation reports were extracted from SPD simulation. A detailed 
protocol of what was changed from the base case model, is provided in 7.5 Appendix 5.    
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4 Results & Discussion 

4.1 Process results 
The resulting process model can be viewed in Figure 5. 
 

 
Figure 5 Figure from model file of proposed T7 RNAP process in SuperPro Designer. The blue section of the figure represents 
the cultivation and upstream process. The black boxes represent the downstream process which includes cell disruption and 
purification section (which in the figure also include formulation).  

The process based on the model was able to obtain 930mg purified T7 RNAP per batch, and 
each batch took 65 hours and 41 minutes. In order to achieve 38.3g of T7 RNAP as annual 
throughput (due to software precision limitations 38.3g was achieved instead of the 38.1g that 
was calculated in 3.2.3), the simulation required 41 batches and an annual operating time of 
864 hours and 8 minutes. A full year production is considered to have approximately 8000 
operating hours, which indicates this model uses 11% of operating time capacity for the 
production site  [32], [49]. This opens up for several beneficial opportunities, such as producing 
more T7 RNAP for potential export or using the process equipment to produce other enzymes. 
It can be of special interest to investigate whether other enzymes required for the mRNA 
vaccine process (specified in section 2.1) can be produced in the same facility and with same 
equipment as modelled for T7 RNAP. This would enable larger parts of the mRNA vaccine 
value chain to be independent in South Africa. It could also be of economic interest to 
investigate if T7 RNAP production could be located at same facility as mRNA vaccine 
production. The size of the bioreactors of this model, 15L and 2L, indicates that a relatively 
small space is required for T7 RNAP production.   
 
Another result from the simulation is the purification yield which represents how well the 
purification section of the process can recover T7 RNAP. The purification yield was calculated 
by dividing the amount of T7 RNAP in the product stream by the amount of T7 RNAP in the 
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stream after the homogenization unit (stream location can be seen in Figure 5). The resulting 
purification yield for the model was 78%, indicating that 22% of T7 RNAP was lost, which is 
considered reasonable compared to literature for commercial-scale manufacturing of 
biopharmaceuticals [50].  

4.2 Economic analysis 
The cost results from an economic evaluation report extracted from the SPD simulation of the 
base case, are provided in Table 4.2.1. The capital investment obtained for the base case 
scenario was $12,786,000, which is less than half of other techno economic analyses of enzyme 
manufacturing previously conducted [32], [40]. However, the scale of production in referred 
literature was larger and used 300,000L respective 100,000L bioreactors, compared to this 
model´s 15L bioreactor, which can indicate a lower equipment cost for this model compared 
to literature [32], [40]. Operating costs for the T7 RNAP process, $2,399,000, were also lower 
compared to literature  [32], [40]. The cost composition of annual operating costs can be viewed 
in Figure 6. As Figure 6 presents, facility dependent costs accounted for approximately 95% of 
the total annual operating costs. Compared to other processes in literature which operates full 
year, T7 RNAP process operates 11% of the time capacity which is approximately 1.5 months. 
It can therefore be considered that T7 RNAP process uses less raw materials, utilities, labour 
and quality work than a process that operates full year. However, annual facility costs such as 
maintenance, depreciation of equipment and miscellaneous costs e.g. insurances, are likely to 
be the same for a full year operation and for a process that operates 1.5 months of a year. 
Detailed costing and usage of raw materials are provided in 7.6 Appendix 6, Table 7.6.1.  
 
The unit production cost for the base case was approximately $62.7 million per kg T7 RNAP, 
which is considerably lower than market price for T7 RNAP of $136.3 million- or $2 billion 
per kg T7 RNAP (from Table 3.3.2).  
 
Table 4.2.1 Costs for base case T7 RNAP process.  

Total Capital Investment 12,786,000  $ 
Operating Cost 2,399,000  $/yr 
Revenues 5,217,000  $/yr 
Net Unit Production Cost 62,689,593.41  $/kg T7 RNAP 
Unit Production Revenue 136,312,000.00  $/kg T7 RNAP 
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Figure 6 Annual operating costs distribution for base case T7 RNAP process. 

Table 4.2.2 shows the profitability indicators of the T7 RNAP process. The gross margin 
illustrates that the revenues were 54% higher than the operating costs. The ROI was 25.51%, 
indicating there would be a return on investment already from year 3. With 7% interest (cost 
of capital) the net present value (NPV) reached $19,250,000. It would require a rate of 21.33% 
to make the NPV reach zero, (i.e. IRR), which is the highest rate at which the project can break 
even [48]. As general decision rules a project is considered profitable if the NPV is positive, 
and the IRR is greater than the entity´s cost of capital [47]. More specifically, in South Africa 
the average IRR for equities are 15-20.5% and 9-17% for property, which implies this project´s 
IRR of 21.33% could be a profitable investment [51]. The economic analysis concludes, from 
all the mentioned profitability indicators, the T7 RNAP process based on this model can be 
considered profitable.  
 
Table 4.2.2 Profitability indicators of base case T7 RNAP process.   

Gross Margin 54.01  % 
Return On Investment 25.51  % 
Payback Time 3.92  years 
IRR (After Taxes) 21.33  % 
NPV (at 7.0% Interest) 19,250,000  $ 

 

4.3 Sensitivity analysis results 
A sensitivity analysis was performed to determine the effect on profitability of macroscale 
changes in economic parameters, results in section 4.3.1, and microscale perspective focusing 
on process parameter changes, results in section 4.3.2.    

4.3.1 Macroscale: economic parameters changed 
Results from the macroscale sensitivity analysis are provided in Table 4.3.1. The analysis 
conclude that the lowest profitability of the model would be obtained by decrease in revenue, 
hence the model´s profitability is more sensitive to changes in revenues than direct fixed capital 
or operating costs. Although, a 20% decrease in direct fixed capital resulted in similar 
profitability considering IRR, ROI and payback time. To be noted, payback time reported in 
Table 4.3.1 is not discounted, it was identified where cumulative NCF reaches start-up cost, 

Raw 
materials. 

0,15%

Labor. 
4,26%

Facility. 
94,94%

Quality. 
0,63%

Utilities. 
0,01%
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starting from operation time, as described in section 3.4.1.2. Considering net present value 
(NPV), changes in revenue had most impact and second largest impact was caused by operating 
costs. This is also illustrated in Figure 7, where discounted cash flow is presented, since NPV 
is the sum of discounted cash flow.  
 
Table 4.3.1 Results of sensitivity analysis with ±20% changes in direct fixed capital (DFC), annual operating cost (OC), and 
revenue based on the base case 

 
Base 
case 

DFC 
+20% 

DFC 
-20% 

OC 
+20% 

OC 
-20% 

Revenue 
+20% 

Revenue 
-20% 

NPV (7%) 
[thousand$] 

19254 17014 21493 15777 22730 26814 11693 

IRR 21% 18% 26% 19% 23% 26% 16% 
ROI 26% 21% 32% 23% 28% 32% 19% 
Gross Margin 54% 54% 54% 45% 63% 62% 43% 
Payback time 
[years] 

3.92 4.70 3.14 4.41 3.53 3.16 5.16 

 
 

 
Figure 7 Discounted cash flow (capital of cost 7%) for base case, as well as ±20% change in Direct Fixed Capital (DFC), 
Operating Costs (OC) and Revenue. Below zero discounted cash flow, base case line is covered by the dark blue line 
representing revenue -20%. Above zero discounted cash flow, base case line is covered by the green line, DFC -20%.   

A specific revenue case based on pricing from a commercial lab supplier ($1,988,455/g T7 
RNAP, see Table 3.3.2) was also analysed to determine the effect of choice of T7 RNAP 
pricing source. This pricing implies a revenue increase of 1359% compared to base case. The 
NPV was $532 874 000, IRR 148%, ROI 441%, gross margin 97% and payback time 0.23 
years. The profitability indicators imply extremely high profitability for this specific T7 RNAP 
price from a commercial lab supplier.  
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It was also investigated at what T7 RNAP price the NPV for the suggested T7 RNAP process 
would reach zero and thereby indicate the process to be non-profitable. This was done to 
simulate a market price drop of T7 RNAP, in order to identify the T7 RNAP price when it 
would be more affordable to purchase T7 RNAP externally than to produce with the suggested 
T7 RNAP process in South Africa. Figure 8, shows that NPV equals zero when the price is 
$66,849/g T7 RNAP. To be noted, the unit operating cost was $62,690/g T7 RNAP and resulted 
in a negative NPV. Overall, manufacturing of T7 RNAP in South Africa with the suggested 
process is more affordable than purchasing externally when the market price is higher than 
$66,849/g T7 RNAP. 
 

 
Figure 8 Changes in T7 RNAP price to identify at what price NPV equals zero. Data labels present the T7 RNAP price. NPV 
for base case (data in Table 4.2.2) and revenue changes ±20% (data in Table 4.3.1) was plotted. NPV for unit operating cost 
was calculated according to section 3.4.1 (cost in Table 4.2.1). The T7RNAP price when NPV equals zero was obtained from 
trendline equation.  

4.3.2 Microscale: process parameters changed 
The microscale sensitivity analysis was performed by adjusting biomass yield (upstream) and 
T7 RNAP yield (downstream). Section 7.7 Appendix 7  Table 7.7.1 provide detailed parameter 
changes and results in its entirety of the microscale sensitivity analysis. A summary of the 
changes for each scenario are provided in Table 4.3.2.  
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Table 4.3.2 Summary of changes to base case for microscale sensitivity analysis. 

Scenario Change  Reference for change 

A Downstream:  
73% lower T7 RNAP yield  

Milligan et al, Table 7.2.4 

B Downstream:  
14% higher T7 RNAP yield  

Composition based, Table 7.2.1 

C Downstream:  
33% higher T7 RNAP yield  

Davanloo et al, Table 7.2.3 

D Upstream only seed bioreactor:  
25% higher biomass yield 

Davanloo et al, Table 3.2.2 

E Upstream both bioreactors: 
25% higher biomass yield 

Davanloo et al,  Table 3.2.2 

F Combination Up- & Downstream  Davanloo et al, Table 3.2.2 & Table 
7.2.3 

G Combination Up- & Downstream  Milligan et al, Table 3.2.2 & Table 7.2.4 
 
The NPV from the different scenarios are displayed in Figure 9. Negative NPV, which implies 
non-profitable project, are obtained by scenario A and G which both has T7 RNAP yield from 
Milligan et al. Milligan et al reports a 73% lower T7 RNAP yield, 0.13 mass coefficient for T7 
RNAP, compared to the base case where mass coefficient for T7 RNAP was 0.49 (see 7.7 
Appendix 7). It should be noted that Milligan et al reported the T7 RNAP yield as “at least 30 
mg of purified enzyme/liter of cell culture”, which indicates that the yield used for the 
sensitivity analysis could be unnecessarily low as well as the units were presented less reliably 
than the unit expressed per gram E.coli. Milligan et al refers to Davanloo et al for biomass 
yield, which was used to convert the yield into desired unit (in 7.2 Appendix 2), even though 
different E.coli strains were reported (see Table 3.2.2). For these reasons, Milligan et al can be 
judged as a less relevant source and scenario A and G could be judged as less likely scenarios 
to occur.  
 
The sensitivity of T7 RNAP yield can be seen as the gradually increasing NPV with increasing 
yield (scenario A-C), in Figure 9. Scenario B has 14% higher T7 RNAP yield than base case, 
while scenario C has 33% higher T7 RNAP yield than base case. The NPV also increased with 
scenario E which had a 25% increase in biomass yield compared to base case. Hence, both 
downstream and upstream parameters affect the NPV. The highest NPV is obtained by scenario 
F which represent the effect if Davanloo et al was chosen as a reference for both biomass yield 
and T7 RNAP yield.  
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Figure 9 NPV of scenarios A-G, the scenarios are described in Table 4.3.2. The NPV of the base case $19 250 000 is 
displayed as a red line. 

Same trend of profitable and unprofitable scenarios can be seen in IRR and cost reduction, in 
Figure 10. Cost reduction represent the percentage of how much the scenario´s net unit 
production cost of T7 RNAP decreased compared to base case. The negative cost reduction for 
scenario A and G in Figure 10, thereby implies a cost increase. Since the NPV is negative for 
scenario A and G (as seen in Figure 9), an IRR is not applicable. The highest IRR and cost 
reduction is obtained by scenario F.  
 
The T7 RNAP yield changes appear to not be linearly connected to the cost reduction. As can 
be seen in Figure 10, a smaller change in T7 RNAP yield (14%) such as for scenario B 
corresponds to approximately the same cost reduction (15%). Although larger changes in T7 
RNAP yield does not seem to correspond to its cost reduction (A: -73% T7 RNAP yield & -
312% cost reduction; B: 33% T7 RNAP yield & 27% cost reduction). The biomass yield change 
of 25% in scenario E, resulted in a 18% cost reduction. This could indicate that the model is 
more sensitive to changes in T7 RNAP yield than biomass yield. However, such conclusion 
should be considered with caution, since only one change in biomass yield was used in the 
sensitivity analysis.  
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Figure 10 Cost reduction and IRR are displayed for scenarios A-G, the scenarios are explained in Table 4.3.2. The IRR for 
base case, 21.33%, is presented with a turquoise line. The green dots represent the change of T7 RNAP yield compared to 
base case.  

Furthermore, the different biomass yield used in the microscale sensitivity analysis was 
reported by Davanloo et al. A reliable source for standard biomass yield at industrial scale has 
been hard to find. Table 4.3.3 presents biomass yields found in literature search. It was of 
interest to see if there was an increase in biomass yield with more recent published articles, 
which was disproved by Rosano et al and Iram et al who reported same or lower biomass yield 
than used in the model. The biomass yield reported in Horn et al, is considered an outlier and 
could be questioned how such high yield can be obtained, even though the process is fed batch. 
To be noted though, other technoeconomic analysis have used the biomass yield from Horn et 
al to model an industrial scale production [32]. However, the large variety on biomass yield in 
Table 4.3.3 indicates more data and research are needed.   
 
Table 4.3.3 Literature research results of biomass yield. 

Source Wet biomass 
yield [g E.coli 
/L culture] 

Dry biomass 
yield* [g dry 
E.coli/L culture] 

Growth media 
details 

Davanloo et al (1984) [8] 10 3.0 M9 TB 
Milligan et al (1989) [10] 10** 3.0 M9 TB** 
Zawadzki et al (1991) [12] 8 2.4 M9 TB 
Horn et al (1996) [52] - 80-120 Fed batch 
Marisch et al (2013) [53] - 17.4 High glucose 

concentration: 40g/L  
Rosano et al (2014) [54] - 3 LB 
Iram et al (2021) [55] 3.5 1.05 LB 
Internal experience reported from 
laboratory at Stellenbosch 
University (2022) [56] 

17 5.1 TB, 0.1mM IPTG 

* When wet biomass yield has been reported it has been converted to dry biomass yield by multiplying with 0.3 
(since 70% of E.coli is composed of water according to Table 3.2.1).  
**Refers to Davanloo et al.  
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Additional results of the microscale sensitivity analysis are shown in Figure 11, where scenario 
F is the scenario were most T7 RNAP was produced. In the three Figure 9Figure 11, it is 
illustrated that scenario D does not differ much from base case, which could be explained by 
the main bioreactor still controlled the biomass yield output to the rest of the process. 
 

 
Figure 11 Annual throughput of T7 RNAP possible with different sensitivity scenarios A-G, the scenarios are explained in 
Table 4.3.2. 

To summarize the results of the microscale sensitivity analysis, the model is sensitive to both 
biomass yield changes and T7 RNAP yield. The largest impact on profitability is an increase 
of both biomass yield and T7 RNAP yield.  

4.4 Result validity 
Some uncertainties of the model are emphasized in this section to give transparency and to 
evaluate the validity of the results.  

4.4.1 Scale and yields 
Firstly, the model in this project has been based on lab protocols since there have been no 
publicly available data on industrial scale. Adjustments have been made such as recalculating 
column size instead of scaling up, since it is well known that in lab environments it is more 
common to use the equipment size available instead of what is required for the process. Still, 
this model can differ compared to industrial production in practice.  
 
Especially, the T7 RNAP yield and biomass yield used for the model that are based on lab 
scale. The process is mainly based on a lab protocol from Rues et al (2016) which was 
considered to provide the most clear and relevant production steps for a modern production, 
while the yields were obtained by Zawadzki et al from 1991. The two lab protocols differ in 
their T7 RNAP preparation. As mentioned in section 3.2.2.1, Zawadzki et al reports another 
type of cell disruption method than Rues et al, and it can thereby be questioned if the data from 
Zawadzki et al should have been used in the model. Although, due to lack of published data on 
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T7 RNAP yield, and that another cell disruption method was used in the model to adjust for 
industrial scale, the yields from Zawadzki et al can be judged as sufficient. In addition, the 
same strains and plasmids were used by Rues et al and Zawadzki et al, which was considered 
an important factor and strengthens its compatibility. Other sources than Zawadzki et al  
reporting T7 RNAP yield were considered in the sensitivity analysis. The T7 RNAP yield 
selected for the base case can be considered as a conservative choice, since Zawadzki et al had 
the second lowest T7 RNAP yield reported after Milligan et al, out of the four options presented 
in 7.2 Appendix 2. However, to gain more accurate and modern yields, further research needs 
to be performed. Since the yield data in the model were from 1991, it could be argued that 
higher T7 RNAP yields and biomass yields are expected in a modern industrial scale 
production. 
 
Due to higher T7 RNAP yield could be expected than reported from the sources, the 
purification yield 77% was accepted for the model calculations in 7.2 Appendix 2, even though 
a 78% purification yield was obtained once the values were inserted to the model. This 
difference of purification yield indicates that approximately 2% higher amount of T7 RNAP 
was modelled for the base case than what was reported in Zawadzki et al.   

4.4.2 Annual throughput  
Estimations made for future demand of T7 RNAP to calculate the annual throughput is another 
element of uncertainty, which is described in section 3.2.3. The annual throughput mainly 
affects the result of annual operating time, which is one of the main interesting results due to 
the opportunities the few operating hours lead to. Firstly, the estimations were based on solely 
mRNA vaccine demand of T7 RNAP, even though T7 RNAP can be used for other applications 
as well, as stated in section 1.1. Therefore, the demand for South African T7 RNAP could be 
higher than the estimated 38g. Secondly, the demand could also be higher if also vaccines for 
Sub-Saharan Africa were considered.  
 
On the contrary, less T7 RNAP demand could be possible since the estimation is based on the 
required amount of T7 RNAP for Moderna´s mRNA COVID vaccine. Pfizer´s mRNA vaccine 
for COVID required 70% less T7 RNAP amount than Moderna, which is described in section 
2.1. However, Afrigen in Cape Town, which is part of the mRNA vaccine technology transfer 
hub funded by WHO, uses the sequence of Moderna´s mRNA COVID vaccine [57]. Therefore, 
Moderna´s required amount for T7 RNAP was the most interesting for the estimation. 
Although, it was assumed that the same amount of T7 RNAP would be required for two other 
mRNA vaccines covering other diseases than COVID, such as Zika and influenza. 
Furthermore, it could be discussed if the South African vaccination rate for COVID could be 
transferred to three different vaccine doses taken annually per South African as the estimation 
is based on. The vaccination rate could be less which would lead to less annual T7 RNAP 
demand than 38g.  
 
However, the arguments for lower annual throughput could weigh out the arguments for a 
higher amount than 38g of T7 RNAP. It should be noted that to establish the mRNA vaccine 
technology as Afrigen does, less T7 RNAP would be required than to support the entire South 
African mRNA vaccine manufacturing demand which this project aims to [4]. If smaller annual 
throughput is desired, the equipment size of the model can still be relevant, although the annual 
operating time would be less and can be calculated based on the batch size and batch time 
provided in section 4.1.    
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4.4.3 Cost estimations  
The economic results such as the costs and profitability of the suggested T7 RNAP process, is 
affected by the cost estimations made. There are several cost estimations that could be higher 
cost than used. First and foremost, the shipping cost based on an DHL tariff guide for export 
from South Africa, could be higher since importing to South Africa is generally known to be 
more expensive than exporting. Although, that difference could have been covered by the 
added VAT and customs fees. Moreover, the raw material price could be higher since pharma 
grade could not be ensured for all raw materials from the sources. Streptomycin sulphate 
pricing was obtained by Sigma and was explicitly not intended for pharmaceutical production, 
therefore higher price could be expected. Nevertheless, Sigma is generally known to provide 
material for lab scale. As seen in appendix 6, streptomycin sulphate is responsible for 47% of 
the raw materials cost, which could indicate the streptomycin sulphate price was obtained from 
an unreliable source for cost estimations on industrial scale. Overall, the raw material prices 
are responsible for 0.15% of the annual operating cost (see Figure 6), and thereby the obtained 
price data for raw materials can be judged as sufficient for this project.  
  
The electricity cost, in the category utilities, should be higher than used in the model. The 
electricity cost was based on an energy charged per kWh and a service fee charged per day, as 
can be seen in 7.4 Appendix 4 Table 7.4.1. The latter was converted to being charged per kWh 
as well for modelling purposes. The electricity cost was calculated based on data during model 
development and concluded the price $2.13/kWh. Although, when the base case was finalized, 
the results would lead to a price for electricity of $3.75/kWh. In practise the electricity usage 
could also be expected to be higher but less glycol usage. This is because glycol was used as 
cooling agent for centrifuges, high-pressure homogenization and diafiltration, while equipment 
in industrial scale is expected to have a pre-cooling function which is assumed to use electricity, 
as mentioned in section 3.2.4. It could also be argued that higher electrical usage could be 
expected from a cold room which is expected to be at the facility. Although the cold room cost 
could be considered included in the electrical facility cost which is part of the direct fixed 
capital, see 7.4 Appendix 4 Table 7.4.3. However, the potential changes mentioned for 
electrical cost are considered to not affect the economic results significantly since the utilities 
costs are responsible for 0.01% of the total operating costs.  
 

4.4.4 Limitations of SuperPro Designer for economic assessment 
The limitations of SPD have also affected the validity of the economic assessment. One 
limitation of SPD identified when viewing a cash flow report extracted from SPD, is that the 
sales revenue has the same value for every operating year. Hence, it does not take into future 
value calculation based on interest rate. Another limitation identified regarding the sales 
revenue, is that the revenue shown in table 4.2.1, is 0.1% less than what is accurate. The actual 
revenue should be $5,221,000 when the pricing from T7 RNAP is converted to sales revenue 
with annual throughput.  
 
Further on in the cash flow report, the years presented in the profitability analysis table was 1 
to 25, instead of starting with year 0 (0-24), which is required to achieve accurate calculations 
for NPV. However, the year values (1-25) presented in the profitability analysis table are solely 
a confusion for the SPD user, since SPD reports an accurate NPV based on year 0-24. Although 
the NPV and IRR are imprecise since the start-up cost has not been considered in the net cash 
flow, which is required in the formula (see equation (4) in section 3.4.1.2). Nonetheless, when 
controlling the calculations for payback time it was noted that the start-up cost is included in 
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the cumulative net cash flow (not presented in the cash flow report from SPD), which indicates 
that payback time reported is precise and trustworthy.   

4.5 Production in South Africa 
Despite the uncertainties discussed in section 4.4, the T7 RNAP process could be considered 
profitable, as described in section 0. In more detail, the suggested process can produce T7 
RNAP for a production cost of approximately $63 million per kg, while it is bought from 
external suppliers for approximately $136 million or $2 billion (per kg T7 RNAP), as presented 
in section 3.3.2. The enormous difference between production cost and external selling price 
should indicate large savings for South African mRNA vaccine manufacturers if they would 
produce T7 RNAP themselves. It can thereby be questioned why there is no current T7 RNAP 
manufacturing in South Africa.  
 
One reason could be that South Africa lacks stakeholders that are willing to or have the capacity 
to fund the initial capital investment, of $12,786,000 for the suggested T7 RNAP process. It 
could be related to the risks involved to start-up a GMP manufacturing facility in South Africa. 
One such risk could be slow regulatory approval which can be expected due to the reported 
backlog in medicines registration at South African Health Products Regulatory Authority 
(SAHPRA) [58]. Another potential risk could be related to shipment and long waiting time for 
material and equipment required to build the facility and process. On the contrary, the waiting 
time could also be applied to receive raw materials for the mRNA vaccine manufacturing 
causing delays in the production. Hence, to optimize the mRNA vaccine production it is 
beneficial to produce T7 RNAP locally.  
 
Moreover, the labour in South Africa can be considered more affordable than for instance in 
Europe, which contributes to lower construction and production cost. However, to construct 
and run a GMP manufacturing plant specific skilled expertise is required, which there can be a 
shortage of in South Africa. Power outages and thereby interruption in power supply to the 
process could be considered another disadvantage for South African production, even though 
generators and batch process (like this project modelled) can partly solve that problem.  
 
It should be emphasized though, that one main reason to why there is no current T7 RNAP 
manufacturing in South Africa could be that the mRNA vaccine technology is relatively new, 
as mentioned in section 1.1. The demand of T7 RNAP increases at the moment with the 
development of mRNA vaccine production in South Africa.  
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5 Conclusion 
The results indicated that South African T7 RNA polymerase production is profitable and 
feasible. The hypothesis proved to be correct, with approximately 50% lower unit production 
cost for South African production of T7 RNAP than purchasing it externally for the base case. 
 
South African annual demand for T7 RNAP to mRNA vaccine production is fulfilled by 
operating approximately 1.5months a year with the suggested 15L main bioreactor used in this 
model. Thereby, it is recommended to further investigate the possibilities to manufacture other 
required enzymes for mRNA vaccine production to enable an independent value chain for 
South Africa.  
 
The economic assessment is most sensitive to changes in revenue, indicating much higher 
profitability with increased T7 RNAP price. The model proved to be sensitive also to changes 
in process parameters of both biomass yield and T7 RNAP yield.  
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7 Appendices 

7.1 Appendix 1 Media and main process parameters 
Input raw materials for main bioreactor (P-1): was inoculum (0.1L from seed bioreactor P-5), glucose, kanamycin, IPTG, ammonia, air, and 
water for injection (WFI). Ammonia and air were added in excess, 13% respective 111% above the stochiometric amount for main bioreactor. In 
the seed bioreactor, ammonia was added 48% in excess while oxygen 148% above the stochiometric amount. Details for other input raw 
materials are provided in Table 7.7.1. 
 
Table 7.1.1 Media used in the T7 RNAP production. Concentrations were based on Rues et al (dialysis buffer from the reference is here called formulation buffer), except for Kanamycin sulphate 
which was based on Li et al. Mass composition was calculated. 

Component Resuspension buffer  Equilibration buffer Formulation buffer Others 

 Concentration Mass 
composition % 

Concentration Mass 
composition % 

Concentration Mass 
composition 
% 

 

Tris-HCl 30mM 0.47 30mM 0.47    

EDTA Disodium 10mM 0.33 1mM 0.03 0.5mM 0.02  

Sodium chloride 50mM 0.29 50mM 0.29 10mM 0.06 500mM for 
chromatograph input 
stream 

Glycerol 5% 5.01 5% 5.00 5% 5.00  

b-mercaptoethanol 10mM 0.08 10mM 0.08    

WFI  
(Water for Injection) 

 93.82  94.13 
 

 94.74  

Dipotassium 
phosphate 

    10mM 0.17  
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DTT     1mM 0.02  

IPTG       1mM* 

Glucose       Variable** 

Kanamycin sulphate       100mg/L*** 

Streptomycin 
sulphate in WFI 

      3% (w/v) **** 

*Concentration given with respect to a final concentration of solution in bioreactor, by modelling IPTG as last input of raw materials with ‘Pull In’ function, ‘set by 
specification’ to set final composition for IPTG to 1mM. Input stream concentration of IPTG was 1M.  
**Concentration chosen so that the glucose conversion was equal to 95-100%.  
***Concentration given with respect to volume of glucose stream.  
**** Concentration given with respect to a final concentration of solution in tank, by using the same approach as for IPTG. Input stream concentration of streptomycin 
sulphate was 30% (w/v).  
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Table 7.1.2 Main process parameters. 

Parameter Value Source 
Gas compression P-3, P-15 
Process time 0.001h Defined 
Air filtration P-7, P-10, P-16, P-17 
Process time 0.001h Defined 
Seed bioreactor P-5 
Reaction time 10h Adjusted from 

[59]  
Temperature 37.0°C [59] 
Target concentration of biomass 2.4g/L* [12] 
Bioreactor P-1 
Reaction time 10h [9], [15]  
Temperature 37.0°C [9] 
Target concentration of biomass 2.4g/L* [12] 
Centrifugation P-2 
Sedimentation Efficiency 30% Defined 
Biomass to solids stream 100% Defined 
Solid Concentration in Heavy Stream 120 g/L Defined 
Exit Temperature 4°C [9] 
Centrifugation time 15min [9] 
Homogenization P-4 
Number of Passes 5 [15] 
Pressure Drop 15,000 psi [15] 
Homogenization time 360 min Defined 
Cell Disruption 100% [32] 
Temperature 4°C [15] 
Centrifugation P-6 
Sedimentation Efficiency 30% [32] 
Cell Debris Removal 100% Defined 
Solid Concentration in Heavy Stream 200 g/L [32] 
Exit Temperature 4°C [15] 
Centrifugation time 30min [15] 
Centrifugation P-8 
Sedimentation Efficiency 30% Defined 
Nucleic acid Removal 100% Defined 
Proteins Removal 5% Defined 
Solid Concentration in Heavy Stream 200 g/L Defined 
Exit Temperature 4°C Defined 
Centrifugation time 30min [9] 
Chromatograph P-9 
Resin Binding Capacity 29.40 g/L Table 7.3.1 
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T7 RNAP binding  100% Defined 
T7 RNAP yield  89% [13] 
Resin Binding Capacity Utilization 70% Defined 
Loading & elution flowrate 3.5 BV/h Table 7.3.2 
Eluent Volume 4.00 BV Defined 
Elution gradient 50-500mM [9] 
Diafiltration P-14 
Volume Permeated 1 Defined 
Contaminants Rejection Coefficients 0.00 Defined 
T7 RNAP Rejection Coefficient 1.00 Defined 
Product Denaturation 5% Defined 
Filtration time 240min Defined 

*For base case. Changed during sensitivity analysis.
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7.2 Appendix 2 Yields 
Four different scenarios for T7 RNAP yield has been considered and calculated into mass 
coefficients for a material balance, which is required input for cell disruption in the high-
pressure homogenization. Firstly, one scenario has been built based on solely the composition 
of E.coli, see Table 7.2.1. Then, three scenarios have been made based on literature from 
Zawadzki et al, Davanloo et al and Milligan et al (presented in Table 3.2.2), see Table 
7.2.2Table 7.2.4.  
 
The T7 RNAP yields presented in Table 3.2.2, describes the amount of purified T7 RNAP, in 
other words the amount of T7 RNAP after all purification steps. A purification yield was 
identified for the model using following formula T7	RNAP amount in product stream

T7	RNAP amount after homogenization 
.  By simulating 

the model based on process parameters in Table 7.1.2 and base case T7 RNAP yield 11.25mg/g 
E.coli as input for the homogenization, the purification yield 77% was identified. 
Consequently, the unpurified T7 RNAP output from the homogenization requires 11.25mg/g 
/0.77 = 14.61mg unpure T7 RNAP/g E.coli for the base case. Similar calculation adjustments 
were made for T7 yields originated from Davanloo et al and Milligan et al.  
 
Table 7.2.1 E.coli composition adjusted according to section 3.2.2.1. Each component´s dry cell volume % were calculated by 
dividing its wet volume % by 30% (representing contents excl. water). Mass coefficients for material balance were based on 
10 as mass coefficient for biomass, and it was assumed that volume % for dry cell can be converted to mass coefficient. 

Component Volume % Volume % (dry cell) Mass coefficient 
Water 70.00 0 0 
Nucleic Acids 7.00 23.3 2.33 
T7 RNAP 1.70 5.7 0.57 
Proteins excl. T7 RNAP 9.63 32.1 3.21 
Cell debris 11.67 38.9 3.89 

 
Table 7.2.2 Base case, based on T7 RNAP yield from Zawadzki et al. Each component´s dry cell volume % were calculated by 
dividing its wet volume % by 30% (representing contents excl. water). Mass coefficients for material balance were based on 
10 as mass coefficient for biomass, and it was assumed that volume % for dry cell can be converted to mass coefficient. 

Component Calculation for volume % Volume 
% 

Volume 
% (dry 
cell) 

Mass 
coefficient 

Water Fixed from composition, Table 3.2.1 70.00 0 0 

Nucleic 
Acids 

Fixed from composition, Table 3.2.1 7.00 23.33 2.33 

T7 RNAP !"#$%&	#(	)$*+(+,-	./	0123	["5]	),*	5	7.9:;<		
)$*+(+=!&+#%	>+,?-

=
@@.AB
C.//

	=14.61 mg unpure T7 RNAP/g E.coli   
Assuming E.coli density as 1000 g/L  

1.46 4.87 0.49 

Proteins 
excl. T7 
RNAP 

("#	%&'(	)*+,-.%)
("#	%&'(	1234	*5	4*42+	13*4.678)

−

(𝑇7	𝑅𝑁𝐴𝑃	𝑣𝑜𝑙𝑢𝑚𝑒%) = @.DE
C.@B

− 1.46 

8.28 27.60 2.76 

Cell debris 100 minus the sum of above volume % 13.26 44.20 4.42 
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Table 7.2.3 Scenario based on T7 RNAP yield from Davanloo et al. Each component´s dry cell volume % were calculated by 
dividing its wet volume % by 30% (representing contents excl. water). Mass coefficients for material balance were based on 
10 as mass coefficient for biomass, and it was assumed that volume % for dry cell can be converted to mass coefficient. 

Component Calculation for volume % Volume 
% 

Volume 
% (dry 
cell) 

Mass 
coefficient 

Water Fixed from composition, Table 3.2.1 70.00 0 0 

Nucleic 
Acids 

Fixed from composition, Table 3.2.1 7.00 23.33 2.33 

T7 RNAP amount	of	purified	T7	RNAP	[mg]	per	g	E. coli		
purification	yield

=
15
0.77

 
=19.48 mg unpure T7 RNAP/g E.coli   
Assuming E.coli density as 1000 g/L 

1.95 6.49 0.65 

Proteins 
excl. T7 
RNAP 

("#	%&'(	)*+,-.%)
("#	%&'(	1234	*5	4*42+	13*4.678)

− (𝑇7	𝑅𝑁𝐴𝑃	𝑣𝑜𝑙𝑢𝑚𝑒%)  

= @.FB
C.@B

− 1.95 
 

11.04 36.80 3.68 
 

Cell debris 100 minus the sum of above volume % 10.01 
 

33.38 3.34 

 
Table 7.2.4 Scenario based on T7 RNAP yield from Milligan et al. Each component´s dry cell volume % were calculated by 
dividing its wet volume % by 30% (representing contents excl. water). Mass coefficients for material balance were based on 
10 as mass coefficient for biomass, and it was assumed that volume % for dry cell can be converted to mass coefficient. 

Component Calculation for volume % Volume 
% 

Volume 
% (dry 
cell) 

Mass 
coefficient 

Water Fixed from composition, Table 3.2.1 70.00 0 0 
Nucleic 
Acids 

Fixed from composition, Table 3.2.1 
7.00 23.33 2.33 

T7 RNAP amount	of	purified	T7	RNAP	[mg]	
per	L	cell	culture		
purification	yield

=
30
0.77

 

=38.96 mg unpure T7 RNAP/L cell culture   
Converted to 3.89 mg unpure T7 RNAP /g E.coli 
using biomass yield 10 g wet weight E.coli/L cell 
culture as Milligan et al refers to Davanloo et al.  
Assuming E.coli density as 1000 g/L.  

0.39 1.30 0.13 

Proteins 
excl. T7 
RNAP 

("#	%&'(	)*+,-.%)
("#	%&'(	1234	*5	4*42+	13*4.678)

− (𝑇7	𝑅𝑁𝐴𝑃	𝑣𝑜𝑙𝑢𝑚𝑒%) 

= C.GF
C.@B

− 0.39 
 2.21 7.36 0.74 

Cell debris 100 minus the sum of above volume % 20.40 68.01 6.80 
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7.3 Appendix 3 Calculations for Chromatograph 
 
Table 7.3.1 Calculation of column volume for chromatograph. 

 Value Source/calculation 
Binding capacity [mg/mL resin] 42 [37] 
Part resin (vs void) of column 0.7 Defined 
Binding capacity [mg/mL column] 29.40 =42*0.7 
Utilization binding capacity 0.70 Defined 
Concentration to load [mg/mL column] 20.58 =29.40*0.70 
Amount T7 RNAP loaded [mg] 1050 SPD 
Column volume [mL] 51* =1050/20.58 

*51mL was approximated to a 50mL column due to adjusting for commercial availability.  
 
Table 7.3.2 Flow velocity for elution and binding in chromatograph. 

 Value Source/calculation 
Flowrate [mL/min] 3 [9] 
Flowrate [mL/h] 180 =3*60 
Column volume [mL] 51  Table 7.3.1 
Input for SPD [BV/h] 3.5 180/51 
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7.4 Appendix 4 Cost data 
Table 7.4.1 Costs of WFI, utilities, labour and time parameters.  

Parameter Value Unit Source 
WFI 0.0205* USD/kg [60] 
Utilities 
Cooling Water 0.0858 USD/ton [61] 
Chilled Water 0.0858 USD/ton [61] 
Electricity 2.1299** USD/kWh [62] 
Glycol 0.8000 USD/MT SPD default 
Labour 
Basic rate 6.87 USD/h [63] 
Benefits factor 0.40  SPD default 
Operating Supplies Factor 0.10  SPD default 
Supervision Factor 0.20  SPD default 
Administration Factor 0.60  SPD default 
Adjusted rate 15.81  Calculated from 

above 
Direct Time utilization 85 % Defined 
Time Parameters 
Year of Analysis and 
Construction 

2022  Defined 

Construction Period 30 Months Defined 
Startup Period 6 Months Defined 
Project Lifetime 25 Years Defined 
Inflation (to update 
equipment cost)  

7.6 % [64] 

Other 
Income tax 25 % SPD default 
Depreciation period***  10 Years SPD default 
Laboratory (quality work) 15 % of total labour 

cost 
SPD default 

Startup & validation cost 5 % of DFC SPD default 
Working capital 30 Days**** SPD default 

* An average cost of water purification process based on four different purification methods.  
** Based on energy charge R2.294/kWh, service charge R80.45/day which was converted to kWh by assuming 
electricity usage of 213kWh and manufacturing time of total 1110h (resulted from base case during model 
development) as well as manufacturing capacity of 12h per day.  
***Salvage fraction of 5% was assumed as SPD suggests. Performed using straight-line method. 
****The working capital was estimated to cover expenses for 30 days of labour, raw materials and utilities.  
 
Table 7.4.2: Exchange rates accessed September 2022 from https://www.xe.com/.   

$ ZAR € 
1 17.48 0.999193 

 
For capital investment the direct fixed capital (DFC) was estimated based on total equipment 
purchase cost, with distributed set of purchase cost factors. The factors are in three categories: 
direct cost, indirect cost and other cost which are summed up to obtain DFC. The factors set 
by SPD default was used, which can be seen in Table 7.4.3.  
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Table 7.4.3 Direct Cost, Indirect Cost and Other Cost factors based on total equipment Purchase cost, used in SPD to calculate 
Direct Fixed Capital. The values presented in the table are SPD default setting. 

Direct Cost factors 
Piping 0.35 
Instrumentation 0.40 
Insulation 0.03 
Electrical Facilities 0.10 
Buildings 0.45 
Yard Improvement 0.15 
Auxiliary Facilities 0.40 

Indirect Cost Factors 
Engineering 0.25 
Construction 0.35 

Other Cost Factors 
Constrictor’s Fee 0.05 
Contingency 0.10 
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7.5 Appendix 5 Microscale sensitivity analysis protocol 
Three categories of changes were made in the model to determine how sensitive the model is 
to increase in biomass yield (upstream), changes in T7 RNAP yield (downstream) and the 
combination of changes in both upstream and downstream. This was done to represent effects 
from data yields reported in other references than Zawadzki et al which was used for the base 
case.  
 

1) Upstream – Increased biomass yield, reference Davanloo et al 
a. Seed train  

i. Changed biomass yield to 3g/L in ferment operation unit for seed 
bioreactor 

ii. To be able to achieve this new concentration of E.coli, glucose 
concentration was increased to 6.1g/L, which achieved a glucose 
conversion of 98.44%. No other raw material volumes were changed.  

iii. To keep OD=0.1 (0.24g E.coli) in main bioreactor, the pull in volume 
from seed bioreactor was changed to 0.0824 L.   

b. Main bioreactor 
i. Kept changes from seed train above. 

ii. Changed biomass yield to 3g/L in ferment operation unit for main 
bioreactor 

iii. To be able to achieve this new concentration of E.coli, glucose 
concentration was increased to 7.9g/L, which achieved a glucose 
conversion of 94.92%. The input of ammonia also required to be 
increased to achieve the E.coli concentration. To keep 13% excess above 
stochiometric amount, volume was increased to 0.005L. No other raw 
material volumes were changed. 

iv. Material and energy balances were solved by SPD. 
v. Chromatograph column size was changed to 60ml based on the resulting 

T7 RNAP load (1280mg). 
2) Downstream- Changes of T7 RNAP yield in homogenization 

a. Milligan et al – lower yield 
i. Change mass coefficients for the material balance in the homogenization 

(P-4), according to Table 7.2.4.  
ii. Material and energy balances were solved by SPD. 

iii. Chromatograph column size was changed to 15ml based on the resulting 
T7 RNAP load (260mg).  

b. Composition et al – slight higher yield 
i. Change mass coefficients for the material balance in the homogenization 

(P-4), according to Table 7.2.1.  
ii. Material and energy balances were solved by SPD. 

iii. Chromatograph column size was changed to 60ml based on the resulting 
T7 RNAP load (1230mg).  

c. Davanloo et al– much higher yield 
i. Change mass coefficients for the material balance in the homogenization 

(P-4), according to Table 7.2.3.   
ii. Material and energy balances were solved by SPD. 

iii. Chromatograph column size was changed to 70ml based on the resulting 
T7 RNAP load (1420mg).  
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3) Combination – both upstream and downstream changes 
a. Davanloo et al reference for biomass yield and purified T7 RNAP yield. 

i. Followed procedure 1a,b and 2c above, except the column size. 
ii. Material and energy balances were solved by SPD. 

iii. Chromatograph column size was changed to 85ml based on the resulting 
T7 RNAP load (1750mg).  

b. Milligan et al reference for biomass yield and purified T7 RNAP yield.   
i. Followed procedure 1a,b and 2a above, except the column size. Material 

and energy balances were solved by SPD. 
ii. Chromatograph column size was changed to 15ml based on the resulting 

T7 RNAP load (320mg).  
 
Note, loading and eluate flowrate of the chromatograph was not adjusted even though the 
column volume was adjusted. Since the flowrate was expressed in bed volumes per hour, the 
new column volume was already automatically included. It could be argued that the flowrate 
should be changed based on calculations in Table 7.3.2. However, those calculations requiring 
the column volume, were based on the flowrate 3mL/min which originates from a source with 
a column volume close to the base case. Hence, when scaling the column volume this flowrate 
can be considered as inadequate.
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7.6 Appendix 6 Raw materials process summary 
Table 7.6.1 Materials cost - process summary of base case.  

Bulk Material Unit Cost 
[$] 

Annual 
Amount 
[kg] 

Annual 
Cost [$] 

% 

b-mercaptoethanol 36.27 0 1 0.02 

Air 0.00 13 0 0.00 
Ammonia 24.20 7 169 4.66 
Dipotassium 
phosphate 

25.62 0 0 0.01 

DTT 46.27 0 0 0.00 
EDTA Disodium 27.69 0 1 0.03 

Glucose 24.71 3 70 1.92 
Glycerol 24.64 8 199 5.48 
IPTG 885.18 2 1,449 39.85 
Kanamycin sulphate 69.23 0 3 0.09 
Sodium chloride 23.84 0 5 0.13 
Streptomycin 
sulphate 

839.00 2 1,720 47.30 

TRIS-HCl 86.27 0 9 0.23 
WFI 0.02 494 10 0.28 
TOTAL   3,636 100.00 
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7.7 Appendix 7 Results microscale sensitivity analysis 
Table 7.7.1 Parameters and results of microscale sensitivity analysis. 

Scenario Base case A B C D E F G 
File number in SPD - 8 9 4 5 6 7 10 
Change from base case - Downstream:  

73% lower T7 
RNAP yield 

Downstream:  
14% higher T7 
RNAP yield 

Downstream:  
33% higher T7 
RNAP yield 

Upstream seed 
bioreactor:  
25% higher 
biomass yield 

Upstream both 
bioreactors: 
25% higher 
biomass yield 

Combination 
Up- & 
Downstream  

Combination 
Up- & 
Downstream  

Reference for change - Milligan et al,  
Table 7.2.4 

Composition 
based, Table 
7.2.1 

Davanloo et 
al, Table 7.2.3 

Davanloo et 
al, Table 3.2.2 

Davanloo et 
al, Table 3.2.2 

Davanloo et 
al, Table 3.2.2 
& Table 7.2.3 

Milligan et 
al,Table 3.2.2 
& Table 7.2.4  

T7 yield mass coeff. 0.49 0.13 0.57 0.65 0.49 0.49 0.65 0.13 
Biomass yield*  
Seed bioreactor  
[g E.coli/L] 

2.4 2.4 2.4 2.4 3.0 3.0 3.0 3.0 

Biomass yield*  
Main bioreactor  
[g E.coli/L] 

2.4 2.4 2.4 2.4 2.4 3.0 3.0 3.0 

Results below 
Throughput [g/year] 38.3 9.4 45 52 38.2 46.8 63.7 11.4 
Recovery T7 yield [g] 78% 72% 79% 79% 78% 76% 78% 70% 
T7 RNAP cost [$/kg 
T7 RNAP] 62 689 593 258 419 437 53 204 980 46 056 499 62 802 918 51 251 281 37 500 935 213 496 112 
Cost reduction 

 
-312.2% 15.1% 26.5% -0.2% 18.2% 40.2% -240.6% 

AOC [$] 2 399 000 2 426 000 2 396 000 2 393 000 2 399 000 2 396 000 2 388 000 2 427 000 
Total capital 
investment [$] 12 786 000 12 902 000 12 771 000 12 756 000 12 786 000 12 772 000 12 734 000 12 903 000 
Gross Margin 54% -90% 61% 66% 54% 62% 72% -57% 
ROI 25.5% 0.1% 31.0% 36.6% 25.5% 32.3% 46.1% 2.2% 
Payback time [years] 3.92 1029.11 3.23 2.74 3.93 3.09 2.17 45.85 
IRR 21.33% N/A 25.27% 28.99% 21.30% 26.22% 34.91% N/A 
NPV [$] 19 250 000 -11 244 000 25 952 000 32 812 000 19 182 000 27 651 000 44 439 000 -8 884 000 

* Dry Biomass yield. Wet biomass yield from Table 3.2.2 converted to dry by multiplying with 0.3 (70% of E.coli is composed of water according to Table 3.2.1). 


