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Abstract 

In this master thesis a simulation model is built to analyze and optimize the bacteriological 

processing division of a pharmaceutical company to create a stable manufacturing system which 

copes with the demand. The simulation is built with experience and 10 years of data without any 

assumptions and contains 8000 connections representing 48 products with their unique routings on 

25 pieces of equipment and more than 50 process steps. The simulation can challenge any weekly 

planning scenario in less than 20 seconds with an accuracy of at least 95% and gives insight in the 

start, finish and waiting times of all process steps. With the help of this simulation a portfolio of 

smart schedules could be developed which increases output and utilization levels by 30%, reduces 

the lead time, reduces lost sales and sales at risk by respectively 90% and 35%.   
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Executive summary 

This master thesis report is the result of the final phase in the master ‘Operations Management & 

Logistics’ at the Eindhoven University of Technology. Research is conducted from January 2017 till 

July 2017 at MSD Animal Health located in Boxmeer. MSD Animal Health develops and produces 

veterinary pharmaceuticals. Research is conducted at the bacteriological processing division within 

the IPT Inac of MSD Animal Health. 

Problem statement 

The demand for bacteriological vaccines increases every year by 10% and the current capacity 

forecast shows an expected utilization of 109% by the end of this year. However this is based on 

running 5 days a week and measuring the actual utilization shows an actual utilization of 34% and 

50% by the end of 2020. This is due to the fact that 52% of the current lead time is non-value added 

time, partly caused by planning instability and technical constraints. 

Therefore the goal of this research was to meet customer demand by creating a stable 

manufacturing system within the bacteriological processing division without crossing the global MSD 

utilization threshold of 85%. 

The corresponding research questions for this project are stated as follows: 

1. Is it justifiable dedicating a product line or specific equipment to certain product families to 

increase the throughput and reduce the lead time without crossing the utilization threshold 

of 85%? 

2. Does capacity reservation for certain product families on shared equipment enhance the 

workflow and lead time without decreasing effective utilization? 

3. What is the optimal batch size for the main fermentation vessel to decrease the total lead 

time and increase the throughput while keeping utilization below the threshold of 85%? 

4. Which equipment investment options are financially justifiable to improve the lead time, 

throughput and utilization till 2020? 

 

The key metrics for this project are utilization, throughput and lead time. 

The following supporting departments are out of scope: 

• Utilities: responsible for water, light etc. 

• Services: responsible for cleaning the holding tanks 

• M&R: responsible for maintenance and repair 

 

The capacity analysis is purely based on equipment because people can be fitted into the required 

format quicker than equipment. For this reason pre-culture is left out of the scope, this process 

requires manpower but no big equipment. Furthermore there is one antigen which requires special 

equipment from process line 5 because there is no such equipment on the other four lines and 

therefore this equipment is in scope as well.  

Method 

First, data analysis had to be performed to replicate the system in a simulation model. For this 

analysis data was collected from trend files containing the fermentation parameters, data acquisition 
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systems which contain the real machine process times and real time measurements on the shop floor 

to collect manual handling times. This data was then cleaned and analyzed by the best methods 

literature had to offer in this setting. From this analysis time distributions of each process were 

derived and changeover times determined. In addition system dynamics, system constraints, antigen 

routings and production instructions were collected to build the most realistic simulation model 

possible. 

From this information the simulation model is developed in Rockwell Arena and designed such that it 

can interact with Microsoft Excel. In this way the simulation is used as a calculation module within 

Microsoft Excel and no simulation knowledge is required to run the model and to interpret the 

output. The model input is matched with the rhythm based production the company is aiming for to 

achieve a stable manufacturing system. The output of the model is summarized in one graph and two 

tables representing the three key metrics required to answer the research questions. However these 

metrics are also good performance indicators of the total system. 

The model was then validated in two scenarios, the first time with the process times collected during 

the improvement project leading to the rhythm used on process line 4 because these times were the 

most accurate measurements taken in this system. When this validation passed with 98% accuracy 

the most challenging validation run was designed by taking a random week and mirror the scheduled 

start times of the antigens on all process lines in the model. The output was then compared to the 

start and end times of all process steps noted down in the BMI. This validation passed with 95% 

accuracy which enabled the use of this model for the creation and evaluation of the current and 

future state. 

To create the future state a what-if analysis is performed to determine the optimal assignment of 

antigens to the process lines. Different scenarios were compared with the current state by 

simulation-based benchmarking. When the optimal scenario was determined this assignment was 

used to create rhythms and challenged by simulation. When rhythms seemed infeasible the 

simulation was used to tweak the rhythms even more and make them feasible. 

Last but not least an extrapolation till 2020 was done to identify the moment capacity problems 

would occur and which part of the system would be the constraint. 

Results 

The simulation model contains 8000 connections representing 48 antigens with their unique routing 

on 25 pieces of equipment and more than 50 process steps. It captures all system dynamics of this 

parallel machine batch job shop environment. With the help of the simulation model all antigens are 

dedicated to a process line and time slicing is used to make sure shared equipment is used as 

efficient as possible. This antigen assignment also incorporated batch size changes for some antigens 

to balance the workload and optimize capacity utilization. From these assignments smart schedules 

are made which work as interchangeable weekly rhythms. This new assignment increases output by 

30%, increases average utilization from 46% to 75%, reduces the lead time, reduces lost sales and 

sales at risk by respectively 90% and 35%. The lead time reduction can’t be quantified because of a 

large variability in non-value added time. This is in terms due to the fact that some rhythms have an 

unavoidable waiting time overnight as a result of running only day shifts.  
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Conclusions and recommendations 

The designed rhythms capture all process variability and create a stable manufacturing system which 

can cope with the demand till 2020. In 2020 the rhythms are fully occupied and the production 

weeks fully used. Single Use Bioreactors are probably in operation by then to produce a highly 

demanded product and can be used to produce other antigens as well. However these antigens still 

need a DSP process and then the bottleneck becomes the workforce which limits the amount of 

hours a week manual processes can be scheduled and therefore prevent the increase to 85% 

utilization. 

These assignments and rhythms do require a few changes: 

 Line to line transfers to validate antigens on other process lines 

 Create item numbers and transfers to buy all inoculum media from an external division 

 System changes to use a media holding vessel at process line 3 and be able to fill all inoculum 

vessels with external media. 

 BMA4 and BMA5 should be produced without an inoculum fermentation process step 

Some other recommendations are to start an investigation to identify the cause of the fermentation 

difference between process line 1 and 2. In addition an investigation should be started to investigate 

the instability of BSGA on process line 3 and transfer BSGA to this line when results are comparable 

with process line 1 and 2. 

Academic relevance 

The current literature only recently started investigating business areas within the biopharmaceutical 

industry and all research topics focus on one area of the manufacturing system. This research covers 

all of these areas and is therefore able to develop better integrated solutions which were invisible for 

other researchers. Simulation itself already exists for several decades and is used in many traditional 

industries to visualize and analyze flexible job shops. However using simulation in the pharmaceutical 

industry brings whole new challenges with it which were overcome during this research and enabled 

the implementation of QRM principles within the bio manufacturing industry. 
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1. Introduction 

1.1 Description of company 

Merck is one of the largest pharmaceutical firms in the world with a revenue of 39.5 billion dollars 

and 68,000 employees worldwide. Merck established an animal health division in 1940 and 

established a headquarters for MSD Animal Health in Boxmeer in 2011 by taking over Shering Plough. 

In 2011 the name changed to MSD Animal Health for branches outside the USA and Canada. MSD 

Animal Health is currently home to ten value streams and 1200 employees. One of these value 

streams is focused on the inactivated bacteriological vaccines named lpT Inac. Bacteriological 

processing (called Bacto from now one) is the key production unit in this value stream and 

responsible for 41% of the product value. 

1.2 Description of process 

Bacto produces antigens for bacteriological vaccines. A flowchart of the production process is shown 

in Figure 1. 

 
Figure 1: Flowchart Value stream and Bacteriological processing (Bacto) Division 

The process starts by ordering ingredients for the pre-culture and growing media from upstream 

value stream divisions. These ingredients are used for the pre-culture where the bacteria are grown 

in increasingly larger bottles. From there the culture is moved to a pre-fermentation tank (for 

inoculum fermentation) on one of the four production lines followed by the main fermentation 

vessels, there is only one pre-fermentation tank on each of the production lines. Two of the 
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production lines got a main fermentation vessel which processes 750 liter and the other two have a 

vessel capable of processing 1500 liter vessel. This main fermentation takes up the biggest part of the 

total process time so the planning department plans batches based on the capacity of this equipment 

and all other steps follow from that planning. This planning is made by calculating the amount of 

required antigen based on the forecasted demand for end products. The media for the inoculum and 

main fermentation vessels can be made internally by the media preparation department or bought 

from an external department. In the media preparation department there is one 750 liter and one 

1500 liter mixing vessel. After main fermentation the culture is inactivated and transported to 

downstream processes to concentrate by one or more DSP processes. Each downstream process 

shown in Figure 1 consists of one piece of equipment.  After finishing all required downstream 

processes the antigen is transported to the downstream value stream divisions for formulation and 

filling.  Within the building of bacto there is another process line, namely process line 5, which 

belongs to the Biotech Support (BTS) division but can be used in consultation by the bacto division 

for 20% of the available time a year.  This process line has only one piece of equipment per process 

as well. Bacto produces circa 30 different antigen families consisting of in total circa 50 unique 

antigens, which all have their own fermentation times and routing through bacto.  

 
Figure 2: Vaccine end product 

1.3 Business case 

The demand for inactivated vaccines has an increasing trend that has never experienced significant 

demand drops and MSD has always been a dominant player within the market. Therefore capacity 

investments were easily done and inefficiency was not considered a problem as long as demand was 

met. In the last years there has been more and more focus on efficiency with lean six sigma initiatives 

but more complex processes like the bacto division are still left nearly untouched. Currently the 

feeling within IPT Inac is that there are capacity problems but they are unsure if this is due to 

equipment availability or inefficiency. In addition IPT Inac has stated as one of the goals for 2017 to 

aim for a utilization level of 85%, which is set by MSD as the optimal utilization, within bacto but the 

current communicated utilization levels are questionable. Therefore this research is aimed at 

mapping the current capacity situation to see if there is a capacity problem and provide insight in the 

root cause. From there a solution is presented to eliminate this root cause. The following paragraphs 

elaborate on each factor of the business case and data is retrieved from planning schemes, time 

measurements and SAP. 
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1.4 Capacity planning 

On average the demand for bacteriological vaccines increases every year by 10% and the value 

stream tries to cope with this increasing demand. Planning schedules the batches according to the 

forecasted demand and in consultation with the production teams regarding the production orders 

of the upcoming batches and the corresponding required capacity. The capacity of the vessel is 

calculated in liter days or liter hours, this is the capacity of the vessel in liters times the time the 

vessel is occupied in days/hours. The highest level forecast for the end product is made based on the 

current sales and a growth factor for the coming years and is called the Assumption Based Review 

(ABR) data. This forecast on end products is calculated back to antigen batches and further to 

required liter days during main fermentation. Displaying this against the total capacity (black line) 

and 85% utilization threshold (red line), which is set by MSD as the optimal utilization level, results in 

the graph in Figure 3. This available capacity is based on five workdays a week with only day shifts. 

The graph shows the required capacity in liter days for each kind of antigen on all main fermentation 

vessels within bacto and is normally used for investment considerations. This figure shows a 

utilization of 98% in 2016 and an expected utilization of 109% by the end of this year which is why 

planning is requesting investments for the past few years and initiatives have been started to 

increase the yield of antigens. 

 
Figure 3: Utilization of main fermentation based on the forecasted demand for 5 years made in 2016 

However, even with a five day a week dayshift system, the equipment can run 7 days a week due to 

antigens that have a main fermentation time which is equal or longer than 3 days which means they 

can be processed over the weekend. This is due to the fact that most fermentation processes don’t 

need any human action after setting up this process. Furthermore planning does not really plan on 

the ABR data but on a more accurate forecast made by the commercial department for a shorter 

time horizon. This data is used to create a planning for the production department called the rhythm 

wheel (from now on called RW). Therefore to give a good overview of the capacity problem the RW is 

used to create the same utilization graphs based on a five and seven day effective uptime a week for 

the main fermentation vessel. This overview is shown in Figure 4. In this figure the utilization of the 

750 liter production lines (light blue) and 1500 liter lines (dark blue) together with the average 

utilization (green line) are displayed. The red line represents the 85% utilization threshold which is 

set by MSD as the optimal utilization level, where the black line represents the maximum available 

capacity. 
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Figure 4: Current capacity based on RW demand for 5 and 7 day equipment uptime 

These graphs show that running the main fermentation vessels five days a week, which is mostly the 

case, the utilization was already 88% on average in 2016 and will be 97% by the end of this year. In 

addition the graphs show that the utilization of the 1500 liter process lines was already close to 100% 

in 2016 and will continue to increase. Even running the equipment 24/7 wouldn’t prevent the 1500 

liter lines to cross the 85% utilization threshold by the end of this year. 

1.5 Actual utilization figures 

To dive deeper into this matter the actual utilization of the main fermentation vessels on each of the 

process lines is analyzed. The actual times can be derived from the actual hours the fermentation 

vessel was being used or occupied for cleaning, flushing, etc. This is done by asking the operator to 

fill in a timesheet, shown in Appendix A, containing all actions of the main fermentation process for 

certain antigens on process line 3 and 4. From these timesheets the average amount of non-value 

added time and value added time could be derived. A visualization of these amounts is shown in 

Figure 5. The amount of non-value added time mostly consists of waiting time due to the fact that 

the planning of the process steps was done based on operator availability instead of process 

continuity. For example if main fermentation takes 24 hours, the best time to start this process is at 

the start of the shift at 8:00 AM. This makes sure the downstream processes can be done at the same 

day to prevent deterioration of the product. To start fermentation at 8:00 AM the vessel has to be 

ready the day before because there is no operator available from 23:00 till 8:00. So during the day 

before planned fermentation the steps are done but there is no rush. Cooling steps therefore have 

some waiting time behind them because operators will leave it to cool down and will come back 

when they are sure the cooling step is done. When the fermentation vessel is ready there is waiting 

time as well because the fermentation itself will start the next day at 8:00 AM.  

 
Figure 5: Value added time for process line 3 and 4 

By placing the actual utilization against the forecasted utilization and extrapolate from 2017 till 2020 

the problem becomes clear, as can be seen in Figure 6 and Figure 7. The system seems to be full for 

the planning department so they start declining customer orders but actually the system is running 
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effectively on at most 50% of its total capacity by the end of 2020. This utilization difference can be 

mostly explained by the non-value added activities but there are several other possible factors that 

can cause a part of this utilization gap. For instance the capacity is purely based on the main 

fermentation vessels but maybe there are other limitation factors in the remaining part of the 

process which will be further elaborated on in the following paragraph. As a side note should be 

mentioned that for process line 4 a project was started in June 2016 to make a weekly rhythm and 

reduce this waiting time. This was possible for process line 4 because the product portfolio is small 

and the variances in process times and routing for each product are relatively low compared to the 

other lines.  

 
Figure 6: Forecasted and actual utilization of process line 1 and 2 

 
Figure 7: Forecasted and actual utilization of process line 3 and 4 

1.6 Other possible limitation factors 

1.6.1 Variability in upstream processes 

The main upstream process (USP) is main fermentation which is necessary in every antigen routing 

within bacto and every antigen has its own process time. Pre-fermentation or otherwise stated 

inoculum fermentation has to be done directly before main fermentation because it’s a live product. 

The limitation arises when the planning is focused on the bottleneck process but the pre-

fermentation time is not taken into consideration.  If two antigens planned on the main fermentation 

vessel have both a long pre-fermentation time or one of the antigens has a short main fermentation 

time the capacity of the pre-fermentation process can be insufficient. A graphical representation of 

this problem is shown in Figure 8. 
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Figure 8: Possible USP limitation 

1.6.2 Shared resources at media production 

Media production is another possible bottleneck in the process which follows parallel to the 

upstream processes and is responsible for the media required during main fermentation, the small 

media production is done by the pre-culture department themselves and they have enough capacity 

to handle this. In the media production department are two mixing vessels, one 750 liter and one 

1500 liter vessel. This can be a limitation when two 750 or 1500 lines start their main fermentation at 

the same time. Due to this vessel constraint one of the production lines has to wait till the media for 

the other process line is made and the vessel is cleaned again. This problem is visually represented in 

Figure 9. 

 
Figure 9: Possible DSP limitation 

1.6.3 Job shop routing in downstream processes 

In contrary to the USP limitation the same can be done for the downstream processes (DSP). Every 

product line has certain DSP equipment but not every process line has the equipment at their 

disposal for every DSP process step. Process line 4 lacks DSP 1 and DSP 2 and process line 1 lacks a 

DSP 2 unit. To resolve this issue they made bypass connections to be able to use the equipment from 

other process lines. Process line 4 is able to use the DSP 1 and DSP 2 of process line 3 and process 

line 1 is able to use the DSP 2 unit of process line 2. Even other departments can use the DSP 

equipment from these process lines. Next to that an antigen can go multiple times through the same 

DSP equipment in one routing. This means for example that the DSP 1 of process line 3 can be used 

multiple times by the antigen it is currently processing, by process line 4 and other outside 

departments. This can lead to capacity problems for the DSP 1 and results into a possible limitation 

for the entire process. This problem is visualized in Figure 10. 
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Figure 10: Possible DSP limitation 

1.6.4 Batch sizing during planning 

On the other side there could be something in the planning process that contributes to this 

difference. Due to setup and changeover cost the current system is validated to produce the full 

capacity of the fermentation vessels. So in theory there are two batch sizes, 750 liter and 1500 liter. 

Currently one of the first steps of planning is deciding between these two batch sizes and 

corresponding product lines. If the demand of a product is higher than 1500 liter this will be planned 

on the 1500 liter lines as much as possible and when these process lines are full or the product 

demand is low, the smaller capacity lines are used. This results in the utilization difference shown in 

Figure 4. Apparently due to the pharmaceutical rules from the government it isn’t easy to change 

these batch sizes but producing two small batches instead of one big one could be an interesting 

option. This would result in balanced capacity over the product lines and increase the stability of the 

system as a whole. This effect is shown in Figure 11. 

 
Figure 11: Batch size leveling 

1.7 Planning schemes 

From another perspective the focus can be placed on the planning scheme itself. The most important 

production planning for bacto is the rhythm wheel. This wheel is created to support a rhythm for 

production which results in a more stable flow for bacto. To see if there is indeed a rhythm and how 

this rhythm looks like the amount of total batches planned each week is visualized in a graph for 

2016 and 2017. This is necessary because the planning could show no rhythm within the year but still 

have a rhythm over the years. The graph of both years is shown in Figure 12. 
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Figure 12: Amount of total batches planned per week 

From these graphs no rhythm could be detected and the planners try to schedule by a rhythm so this 

means there should be changes in the planning. A further analysis into these planning changes 

results into a Pareto chart with the frequency a reason of a specific type causes a planning change. 

This chart is shown in Figure 13. 

 
Figure 13: Type of reasons for planning changes 

This graph shows that the main reason for planning changes is a prioritization of a certain antigen 

that has to be produced earlier. The second reason is ‘delayed’ which means orders are shifted back 

in planning. The third reason is ‘cancellation’ which means the orders are taken out of the planning. 

Both the second and third reason seem to be a direct consequence of this prioritization and are 

together responsible for almost 95% of all planning changes. But to get a deeper understanding of 

this planning problem the cause behind these reasons is analyzed as well and displayed in a Pareto 

chart shown in Figure 14. 
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Figure 14: Type of cause for planning changes 

This Pareto chart shows something interesting, because the main reason for the prioritization of 

antigens seems to be another prioritization. Production problems seem to be a big second but 

looking further into this cause it’s mostly due to infeasible planning. ‘Demand changes’ and by 

‘request customer’ are quite interesting as well because it seems the customer can demand at any 

moment to cancel an order or double the order amount which leads to drastic changes in the 

production planning. 

1.8 Project goal 

Based on the preliminary analysis of problems and opportunities the goal of this research can be 

formulated quite clearly. 

The objective of this project is to meet customer demand by creating a stable manufacturing system 

within the bacteriological processing division without crossing the global MSD utilization threshold of 

85%. 

1.9 Research questions 

The corresponding research questions for this project can be stated as follows: 

1. Is it justifiable dedicating a product line or specific equipment to certain product families to 

increase the throughput and reduce the lead time without crossing the utilization threshold 

of 85%? 

2. Does capacity reservation for certain product families on shared equipment enhance the 

workflow and lead time without decreasing effective utilization? 

3. What is the optimal batch size for the main fermentation vessel to decrease the total lead 

time and increase the throughput while keeping utilization below the threshold of 85%? 

4. Which equipment investment options are financially justifiable to improve the lead time, 

throughput and utilization till 2020? 

1.10 Project scope 

The project is done within bacto where the entire process from Pre-fermentation until downstream 

processes will be in scope. The process scope comes naturally from the value stream structure which 

defines a decoupling point before and after bacto. All 48 unique antigens produced within bacto are 

within scope. 

The following supporting departments are out of scope: 

 Utilities: responsible for water, light etc. 
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 Services: responsible for cleaning the holding tanks used within bacto 

 M&R: responsible for maintenance and repair 

The capacity analysis will be purely based on equipment because people can be fitted into the 

required format quicker than equipment. For this reason pre-culture is left out of the scope, this 

process step requires manpower but no big equipment. Furthermore there is one antigen which 

needs special equipment from process line 5 because there is no such equipment on the other four 

lines. Therefore this equipment is in scope as well and the total process scope is shown in Appendix 

B. 

The questions regarding product families and batch size will be analyzed with the current product 

portfolio because there is data available for these products; an exception is made for a new antigen 

that will be released within 3 months. This antigen is already being produced by another site so a 

best guess together with a sensitivity analysis can be used as input for the simulation. Excluding this 

product from the scope would mean that the simulation is outdated by the time it is valuable. Other 

new products are still only planned for release in this year and are therefore left out of scope.   

The extrapolation used for equipment investment options will be analyzed up to 2020 because the 

customer demand data is available until that year. In addition the investment options will only cover 

the first bottleneck equipment found. 

In Appendix C a project charter is added which summarizes this chapter. 
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2. Literature review 

This chapter will elaborate on the academic relevance of this research and review multiple data 

analysis tools to ensure the use of the best suitable methods during this research 

2.1 Literature gap 

“Biopharmaceutical companies with growing portfolios of commercial therapeutics face the 

challenge of generating medium- and long-term production plans for several drugs across several 

multiproduct manufacturing sites that maximize capacity whilst minimizing cost” (Siganporia, Ghosh, 

Daszkowski, Papageorgiou, & Farid, 2014). The size of the pharmaceutical market is gradually 

increasing and so is the industry behind it. In the last few years this has led to an increasing interest 

in bio manufacturing processes. Because extensive research in this domain is quite young, most 

articles refer to other industries with similar process characteristics. These industries are more 

extensively researched and these findings can be used within the bio manufacturing as well. In this 

study a couple of possible focus areas that are related to the main research question are highlighted. 

The first focus area is the stability of the process itself. By increasing production to cope with the 

demand, deviating from planning becomes more likely and production quantities start fluctuating. 

These fluctuations affect the variability in the product properties and combatting distortions 

becomes one of the main tasks for practical quality assurance (Simutis & Lübbert, 2015). In other 

words the performance of bioreactors can’t be evaluated on productivity alone but also on quality, 

which is mainly determined by variances in the process variables (Simutis & Lübbert, 2015). By 

controlling the main fermentation and yield the rest of the process will be stable as a result as well. 

Another area is the production planning for biopharmaceutical companies which are becoming more 

complex and there are various examples of the repercussions of incorrect capacity planning 

(Siganporia, Ghosh, Daszkowski, Papageorgiou, & Farid, 2014). In terms of scheduling this sector is 

the same as the chemical industry. “Despite the increased number of publications in the area during 

the last two decades, there is no unified notation and systematic framework for chemical 

productions scheduling” (Maravelias, 2012). But in recent years there has been great interest in the 

development of intelligent solutions for production scheduling (Doganis & Sarimveis, 2008). Due to 

the fact that the routing variance is high and machines can be used twice in one routing this is called 

a flexible job shop. Furthermore there are parallel machines which make this an extension of the 

flexible job shop scheduling problem (FJSP), namely Parallel Machine Batch Scheduling Problem 

(PMBSP). Sáenz-Alanís, Jobish, & Salazar-Aguilar (2016) compare literature about PMBSP by 

classifying the PMBSP that is tackled by sequence dependent setup time (STsd), jobs family 

considerations (f), resource constraints (res) and capacity constraints (C).  This comparison is shown 

in Figure 15. 
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Figure 15: PMBSP literature comparison 

This research will tackle, among other things, product families and limited capacity. This means the 

most interesting corresponding research is done by Lozano & Medaglia (2014), Crauwels, Beullens, & 

Van Oudheusden (2006) and Méndez, Henning, & Cerda (2000). These articles solve the problem by 

heuristics like genetic algorithms, ant colonies, tabu search, simulated annealing or with MLP. Only 

Lozano & Medaglia (2014) show, a method named GRASP which is a meta-heuristic that has been 

extensively used for solving combinatorial problems such as districting, scheduling and routing and 

required less computational effort (Sáenz-Alanís, Jobish, & Salazar-Aguilar, 2016). However a goal of 
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this research is to understand and stabilize the system to ensure the future state is durable. These 

methods don’t suffice in that. 

Limitations within the process are another focus area which is hard to determine in the process itself. 

The longest process time will automatically be labeled as the bottleneck process but the 

characteristics of a flexible job shop and shared equipment can result in other capacity limitations. 

Furthermore the utilization has to be determined to know if an improvement is reached after the 

implementation is done. Upreti et al., (2015) researched a sequencing algorithm for the automotive 

industry and evaluate this algorithm by simulating the process. By simulating the process it is 

possible to find the utilization of a flexible job shop and see limitations in the process. In addition, 

simulation can be used to evaluate the implementations in this system, because it incorporates the 

factory dynamics of this process. Last but not least it creates an understanding of the total system 

and gives users a grip on the stability. 

Based on the above literature review, the following characteristics can be summarized about the 

system researched: 

 Studies about stability shows that controlling fermentation time and yield variability is a 

major part of a stable system. 

 Due to the characteristics of a Parallel Machine Batch Scheduling Problem (PMBSP) capacity 

planning is challenging and there is no unified framework to work from. 

 Bottleneck analysis in this kind of production system is hard and should be done by 

simulation. 

These existing studies all focus on one area of the manufacturing system, but this research covers all 

of these areas simultaneously. To tackle the problem about utilization measurement difficulties in 

this kind of system, Rockwell ARENA software will be used, which is the only software able to cope 

with the system dynamics involved and has development options like automation through Microsoft 

Excel. In less complex sectors as for example stamping plants used in the study from Williams, Ulgen, 

Bailiff, & Lote (2006) or Renna (2010), simulation is already used for years to visualize throughput 

and utilization levels in flexible job shop systems. Statistical big data packages like Minitab are used 

to analyze the fermentation times and yield, QRM will help solving the capacity planning in this 

manufacturing system. QRM is relatively new for the bio manufacturing sector, but Suri, Sahu, & Rath 

(2006) showed that using QRM principles, a significant improvement can be made within this 

complex manufacturing system. Connecting all these areas in one study enables bigger and better 

integrated solutions for the bio manufacturing industry.   

2.2 Outlier detection 

To analyze the yield and process times an outlier detection method is required to filter outliers from 
the dataset. There are several outlier detection methods defined in the literature. In this paragraph 
the five most frequently used detection methods for univariate data, based on one output variable at 
a time, will be compared to determine the best method to identify the outliers in this data set. 
 
2.2.1 Standard deviation (SD) method 

Bain & Engelhardt (1992) explains the SD (Standard deviation) method, which is defined as 
 

𝑎 𝑆𝐷 𝑚𝑒𝑡ℎ𝑜𝑑: �̅� ± 𝑎 ∗ 𝑆𝐷 𝑤ℎ𝑒𝑟𝑒 𝑎

= 𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑚𝑒𝑎𝑛 𝑤ℎ𝑖𝑐ℎ 𝑤𝑖𝑙𝑙 𝑏𝑒 𝑖𝑛𝑐𝑙𝑢𝑑𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙 
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This ‘a’ can be determined by the Chebyshev inequality which states that if a random variable X exists 

with a mean µ and variance σ2, then for any a>0, 

𝑃[|𝑥 − 𝜇| ≥ 𝑎𝜎] ≤
1

𝐴2
  

𝑃[|𝑋 − 𝜇| < 𝑎𝜎] ≤ 1 −
1

𝐴2
 

This formula gives an idea which proportion of the data will be included in the data set. Data points 

falling outside the mean plus or minus ‘a’ times the SD are considered possible outliers. This model 

works well for simple normal distributions without extreme values. 

2.2.2 Z-score 

Schiffler (1988) describes the Z-score test which can be denoted as, 

𝑍𝑖 =
𝑋𝑖 − 𝜇

𝜎
, 𝑤ℎ𝑒𝑟𝑒 𝑋~𝑁(𝜇, 𝜎2) 

For this test any data point with a Z-score exceeding 3 will be considered a possible outlier. This 

model works especially well for normal distributions, but it is sensitive for extreme values. 

2.2.3 Modified Z-score 

In the modified Z-score the standard deviation is replaced by the absolute deviation of the median 

(MAD) to make the model more robust against extreme values. The new model (M) is defined by, 

𝑀𝑖 =
0.6745(𝑥𝑖 − �̃�)

𝑀𝐴𝐷
, 𝑤ℎ𝑒𝑟𝑒 𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛{|𝑥𝑖 − �̃�|}, �̃� 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑑𝑖𝑎𝑛 𝑎𝑛𝑑 𝐸(𝑀𝐴𝐷)

= 0.6745𝜎 𝑓𝑜𝑟 𝑙𝑎𝑟𝑔𝑒 𝑛𝑜𝑟𝑚𝑎𝑙 𝑑𝑎𝑡𝑎𝑠𝑒𝑡𝑠 

Data points with a Mi larger than 3.5 are considered possible outliers (Iglewicz & Hoaglin, 1993). Like 

the preceding two methods this method assumes a normal distribution for xi. 

2.2.4 Tukey’s method (Boxplot) 

Tukey (1977) designed a method by constructing a boxplot where the data is divided in quartiles. The 

first and third quartile define the boundaries for the bottom and top 25% of the data, called 

respectively the first and third quartile. The Inter Quartile Range (IQR) is the distance between this 

first quartile (Q1) and third quartile (Q3). The outlier boundaries are determined by, 

[𝐿, 𝑈] = 𝑄1 − 1.5𝐼𝑄𝑅, 𝑄3 + 1.5𝐼𝑄𝑅 𝑤ℎ𝑒𝑟𝑒 𝐿 = 𝐿𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑 𝑎𝑛𝑑 𝑈 = 𝑈𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑  

If a data point falls outside these boundaries it is considered a possible outlier. This model works with 

extreme values and don’t require a predefined distribution. 

2.2.5 Adjusted boxplot 

Vandervieren & Hubert (2004) introduced an adjusted boxplot which takes the medcouple (MC) into 
account; this makes the model more robust against skewed distributions. The boundaries of this 
model are defined by, 

[𝐿, 𝑈] =
[𝑄1 − 1.5 ∗ exp(−3.5𝑀𝐶) ∗ 𝐼𝑄𝑅, 𝑄3 + 1.5 ∗ exp(4𝑀𝐶) ∗ 𝐼𝑄𝑅] 𝑖𝑓 𝑀𝐶 ≥ 0,

[𝑄1 − 1.5 ∗ exp(−4𝑀𝐶) ∗ 𝐼𝑄𝑅, 𝑄3 + 1.5 ∗ exp(3.5𝑀𝐶) ∗ 𝐼𝑄𝑅] 𝑖𝑓 𝑀𝐶 ≤ 0
 𝑤ℎ𝑒𝑟𝑒 𝑀𝐶

= 𝑎𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 𝑤ℎ𝑖𝑐ℎ 𝑟𝑎𝑛𝑔𝑒𝑠 𝑓𝑟𝑜𝑚 − 1 𝑎𝑛𝑑 1. 
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Data points falling outside these boundaries are considered possible outliers. This model works 

better than Tukey’s method when the data is skewed. 

2.2.6 MADE method 

This method looks similar compared to the SD method but the median and MADE are used in this 

model instead of the mean and standard deviation. The MADE is predefined as 1.483 times the MAD 

explained before. The rest of the model is defined by, 

𝑎 𝑀𝐴𝐷𝐸  𝑚𝑒𝑡ℎ𝑜𝑑: 𝑀𝑒𝑑𝑖𝑎𝑛 ± 𝑎 ∗ 𝑀𝐴𝐷𝐸

→ 𝑤ℎ𝑒𝑟𝑒 𝑎 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑝𝑟𝑒𝑎𝑑 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑜𝑑𝑒𝑙, 𝑠𝑖𝑚𝑖𝑙𝑎𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑆𝐷 𝑚𝑒𝑡ℎ𝑜𝑑. 

Data points that fall outside this region will be considered possible outliers. This model looks more 
robust than the SD method but is still vulnerable for dataset containing extreme values (Burke, 
2001). 
 
2.2.7 Median rule 

Carling (2000) introduces a method named the median rule to identify outliers. In the basis it inhabits 
the same principles as Tukey’s method but the quartiles are replaced by the median and α is a 
variable between 1.5 and 3, depending on the spread allowed in the model. The model will then look 
like, 
 

[𝐿, 𝑈] = 𝑄2 − 𝛼 ∗ 𝐼𝑄𝑅, 𝑄2 + 𝛼 ∗ 𝐼𝑄𝑅

→ 𝑤ℎ𝑒𝑟𝑒 𝑄2𝑖𝑠 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑎𝑛 𝑎𝑛𝑑 ′𝑎′ 𝑡ℎ𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑙𝑙𝑜𝑤𝑒𝑑 𝑠𝑝𝑟𝑒𝑎𝑑 

Data points falling outside this region are considered possible outliers. This method works especially 

well for non-Gaussian cases. 

2.2.8 Summarizing 

The distribution will be determined after the outlier detection, so no distributional assumptions 

should be done before the outlier detection method. This means the SD, Z-score and MADE and 

Median rule method are less powerful in this case. In addition there is no indication to assume 

skewness in the dataset so therefore Tukey’s method seems the most suitable outlier detection 

method. Minitab has no practical way to use Tukey’s method for every antigen separately without 

splitting the database into many fragments so this step is done in Microsoft Excel. 

2.3 Normality 

To use these analyzed process data in the simulation model the corresponding distribution has to be 

determined. The most common and logical first test is the test for normality. There are plenty of 

normalization tests but the three most general methods used in the literature today are compared to 

find the best suitable test for this case. 

2.3.1 Anderson-Darling test 

Anderson & Darling (1954) introduce a modified Kolmogorov-Smirnov (KS) test where more weights 

on the tails are added to the test and defined by, 

𝐴𝐷 = −𝑛 −
1

𝑛
∑(2𝑖 − 1)[𝑙𝑛𝐹(𝑋𝑖) + ln(1 − 𝐹(𝑋𝑛−𝑖+1))]

𝑛

𝑖=1

 

𝑤ℎ𝑒𝑟𝑒 𝑛 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒, 𝐹(𝑥)

= 𝐶𝐷𝐹 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 
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H0 has to be rejected if the p-value ≤ α where H0: distribution is not normal and α is 1 minus the 

chosen confidence interval. This test is most effective in detecting departures in the tails of the 

distribution due to the weights added to the tails in the formula (Thadewald & Büning, 2007). 

2.3.2 Shapiro-Wilk test 

This test is motivated by a probability plot in which the regression of the ordered observations on the 

expected values of the orders statistics from the hypothesized distribution. The test statistic is 

defined by, 

𝑆𝑊 =
(∑ 𝑎𝑖𝑋(𝑖)

𝑛
𝑖=1 )

2

∑ (𝑋𝑖 − �̅�)2𝑛
𝑖=1

 𝑤ℎ𝑒𝑟𝑒 𝑛 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒, 𝑋(1) ≤ 𝑋(2) ≤ ⋯

≤ 𝑋(𝑛) 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑜𝑟𝑑𝑒𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 𝑋1, 𝑋2, … , 𝑋𝑛 𝑎𝑛𝑑 𝑎𝑖  𝑎𝑟𝑒 𝑡𝑎𝑏𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 

H0 has to be rejected if SW≤wα, this test is based on correlation and less powerful in detecting 

kurtosis (Thadewald & Büning, 2007). 

2.3.3 Jarque-Bera test 

Thadewald & Büning (2007) explain that this test is based on the skewness and kurtosis of a fitted 

dataset and defined by the following formula, 

𝐽𝐵 = 𝑛 [
𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠2

6
+

(𝑘𝑢𝑟𝑠𝑜𝑠𝑖𝑠 − 3)2

24
]  𝑤ℎ𝑒𝑟𝑒 𝑛 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒, 

𝑠𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =

1
𝑛

∑ (𝑥𝑖 − �̅�)3𝑥
𝑖=1

(
1
𝑛

∑ (𝑥𝑖 − �̅�)2𝑛
𝑖=1 )

3
2

 

𝑘𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =

1
𝑛

∑ (𝑥𝑖 − �̅�)4𝑥
𝑖=1

(
1
𝑛

∑ (𝑥𝑖 − �̅�)2𝑛
𝑖=1 )

2 

Bowman & Shenton (1975) describes JB as the sum of squares of two asymptotically independent 

standardized normal which means H0 has to be rejected as 𝐽𝐵 ≥ 𝜒1−𝛼,2
2 . This test can detect both 

kurtosis and skewness like the Anderson darling test but is less powerful in the tails of the 

distributions. 

2.3.4 Summarizing 

From the literature it becomes clear that the Shapiro-Wilk test is less powerful in detecting kurtosis 

than the other two methods. The Jarque-Bera and Anderson-Darling test are quite similar in 

detection strength but the Anderson-Darling test has the ability to detect deviations in the tails of 

the distribution as well which makes this the strongest test of them all. Therefore the Anderson-

Darling test is used, which is available in Minitab, to detect normality in the datasets. 

2.4 Correlation 

To analyze relations between certain variables in the data set a correlation analysis has to be done. 

Correlation analysis can be done by numerous tests but for this case the three most popular methods 

from the literature will be compared to find the best suitable test for this case. 
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2.4.1 Pearson correlation coefficient 

Monedero et al., (2012) describes the Pearson correlation coefficient (r) as a measure how well a 

linear equation explains the relation between two variables and the formula is given by,  

−1 ≤ 𝑟 =
𝐶𝑜𝑣(𝑋, 𝑌)

𝑆𝑥𝑆𝑦
=

∑ (𝑋𝑡 − �̅�) ∗ (𝑌𝑡 − �̅�)𝑛
𝑡=1

√∑ (𝑋𝑡 − �̅�)2  𝑛
𝑡=1  ∗ √∑ (𝑌𝑡 − �̅�)2  𝑛

𝑡=1

≤ +1 𝑤ℎ𝑒𝑟𝑒 𝑛 = 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 

“Both variables (often called X and Y) are interval/ratio and approximately normally distributed, and 

their joint distribution is bivariate normal” (Texasoft, 2008). 

2.4.2 Spearman’s rank correlation coefficient 

This method can be described as a measure how well a arbitrary monotonic function could describe 

the relationship between two variables and the formula is given by, 

𝑅𝑠𝑝𝑚 = 1 −
6 ∑ 𝐷2

𝑛(𝑛2 − 1)

→  𝑤ℎ𝑒𝑟𝑒 𝐷 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑒𝑎𝑐ℎ 𝑝𝑎𝑖𝑟 𝑜𝑓 𝑟𝑎𝑛𝑘𝑠 𝑎𝑛𝑑 𝑛 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒. 

This test does not assume any frequency distribution of the variables, linear relationship between 

variables or interval/ratio scale (Bolboaca & Jäntschi, 2006). This test however is difficult to interpret 

as a measure of the strength of the relationship (Bland, 1995). 

2.4.3 Kendall’s rank correlation coefficients 

Bolboaca & Jäntschi (2006) describes Kendall’s rank correlation test as a correlation test between 

non-interval scaled ordinal variables and the formulas are given by, 

𝜏𝑎 =
𝐶 − 𝐷

[
𝑛(𝑛 − 1)

2 ]
 𝑤ℎ𝑒𝑟𝑒 𝐻0: 𝜏𝑎 = 0 (𝑛𝑜 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛) 

𝜏𝑏 =
𝐶 − 𝐷

√[(
𝑛(𝑛 − 1)

2 − 𝑡) (
𝑛(𝑛 − 1)

2 − 𝑢)]

 𝑤ℎ𝑒𝑟𝑒 𝐻0: 𝜏𝑏 = 0 (𝑛𝑜 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛) 

𝜏𝑐 =
2(𝐶 − 𝐷)

𝑛2
𝑤ℎ𝑒𝑟𝑒 𝐻0: 𝜏𝑐 = 0 (𝑛𝑜 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛) 

→ 𝑤ℎ𝑒𝑟𝑒 𝐶 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑛𝑐𝑜𝑟𝑑𝑎𝑛𝑡 𝑝𝑎𝑖𝑟𝑠 (𝐶

= (<, <) 𝑜𝑟 (>, >)) 𝑎𝑛𝑑 𝐷 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑐𝑜𝑟𝑑𝑎𝑛𝑡 𝑝𝑎𝑖𝑟𝑠 (𝐷 = (<, >) 𝑜𝑟 (>, <)) 

2.4.4 Summarizing 

Due to the fact that the correlation analysis is done after the normality test it is already proven that 

the data has a Gaussian distribution which eliminates Kendall’s rank correlation coefficient from the 

best suitable methods.  Spearman’s rank correlation coefficient and Pearson correlation coefficient 

are both suitable based on their assumptions but spearman’s method is difficult to interpret in terms 

of correlation strength. Therefore the Pearson correlation coefficient is chosen as the best method 

for correlation analysis. Like Tukey’s method, this method cannot be used per antigen within Minitab 

so Microsoft Excel is used to execute this method. 
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3. Simulation model 

3.1 Overview 

The simulation had to be as realistic as possible which is why an arena model was necessary to cope 

with all the parameters needed. Next to that the simulation should be easy to use, capture all the 

dynamics and incorporates no assumptions. Therefore a connection is made between Microsoft 

Excel and Arena through coding which makes the simulation a module within excel. A high level 

BPMN model of the simulation model is shown in Appendix M and the model consists of the 

following key figures: 

 8000 objects 

 25 different pieces of equipment 

 More than 50 different processes 

 Exchange of 300 data points between Arena and Microsoft Excel 

The simulation is able to simulate every weekly schedule for all four process lines simultaneously 

with any combination of antigens within 20 seconds and shows all lead times and waiting times of 

the entire system. As Figure 16 shows, this simulation model consists of five key components, i.e. 

input, planning, USP, DSP, output. In Figure 17 these components are matched to the high level 

process view to give an idea which parts of the process are included in certain simulation 

components. Next we elaborate on these components in section 3.2-3.4. 

 
Figure 16: Simulation model 
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Figure 17: High level process view 

3.2 Input 

3.2.1 Excel input 

To create stability the company aims for a weekly rhythm, their current ‘rhythm wheels’ only show 

the planned batches for each week, but no further details when each process step begins. For the 

improvement sessions and analysis, a template was made which is shown in Figure 18. This figure 

shows the days of the week divided into 30 minute slots to fit antigens on the specific time of the day 

it occupies the main fermentation vessel.  

 
Figure 18: Weekly rhythm template 
 

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

0:00 0:30

0:30 1:00

1:00 1:30

1:30 2:00

2:00 2:30

2:30 3:00

3:00 3:30

3:30 4:00

4:00 4:30

4:30 5:00

5:00 5:30

5:30 6:00

6:00 6:30

6:30 7:00

7:00 7:30

7:30 8:00

8:00 8:30

8:30 9:00

9:00 9:30

9:30 10:00

10:00 10:30

10:30 11:00

11:00 11:30

11:30 12:00

12:00 12:30

12:30 13:00

13:00 13:30

13:30 14:00

14:00 14:30

14:30 15:00

15:00 15:30

15:30 16:00

16:00 16:30

16:30 17:00

17:00 17:30

17:30 18:00

18:00 18:30

18:30 19:00

19:00 19:30

19:30 20:00

20:00 20:30

20:30 21:00

21:00 21:30

21:30 22:00

22:00 22:30

22:30 23:00

23:00 23:30

23:30 0:00

PL X Planned antigens
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To make the simulation model easy to use this template is used as the input parameter and shown in 

Figure 19. In this template the antigens are scheduled by writing the corresponding prefix, which is a 

unique four letter abbreviation for each antigen, in the correct time slot of the day of the week. The 

first step in scope for each antigen is ‘media preparation’ except for bacteria of a certain antigen 

family; their first step is inoculum fermentation because of their long inoculum fermentation time. 

Each planned antigen is placed into the schedule by writing their prefix in the time slot matching 

their start time. In Figure 19 some prefixes can be seen which are scheduled on specific times of the 

week. 

 
Figure 19: Simulation input 

From there the schedule is automatically converted to a list of planned antigens for each process line 

with the following input data: 

 Prefix code 

 Start time 

 10 USP process time distribution parameters (i.e., mean, standard deviation, antigen based 

fixed times, etc.) 

 25 DSP process time distribution parameters (i.e., same as the USP distribution parameters) 

 

Based on this extracted data the dashboard shows if all model parameters are set and the simulation 

model is ready to run. When parameters are missing it will state which process line the user has to 

take a look at, this makes it easy to locate the missing data. 

 

3.2.2 Arena input 

The Arena model itself has some hard coded inputs as well. First of all the resources in terms of 

machines and other equipment are set. Some machines are line specific where others are shared 

between lines. In the next paragraphs there is a further elaboration of the model variables, entity 

attributes, data links, routings, resources, changeover and transfer times. 
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Changeover and transfer times 
Each piece of equipment has to be cleaned in a certain way. Some equipment has to be cleaned in 

place (CIP), other also need a Pressure Hold Test (PHT) or Sterilization in place (SIP). Before each 

process, settings have to be entered to start the process which is a manual step at the beginning of 

each process. Furthermore there are transfer times from media production to the fermentation 

vessels, from these vessels to the DSP equipment and between these pieces of DSP equipment.  

The transfer of media to the fermentation vessels differs for each antigen; other transfer times are 

equal for all antigens on a certain piece of equipment. An overview of all changeover and transfer 

times is shown in Appendix J. 

Antigen attributes 
Every antigen in the simulation models holds 88 attributes containing data about: 

 Scheduled start times; 

 Antigen information; 

 Process times distribution parameters (i.e., mean and standard deviation of normal 

distribution); 

 Start and finish times which are determined during the simulation and send to Microsoft 

Excel; 

 Waiting times which are logged on a predefined moment from the antigens experienced 

cumulative waiting time. 

 

Antigen routings 
Every antigen has its own routing through the different vessels and DSP equipment. It starts with 

validation where not every antigen is allowed to be processed on every process line. In addition not 

every antigen needs the inoculum vessel because the pre-fermentation is done in a bottle or not at 

all. To harvest the antigen after fermentation different pieces of DSP equipment are required to 

harvest every antigen with their own characteristics from the media. Some antigens even require to 

be processed twice on the same piece of equipment. In Appendix K an overview is shown with the 

required routing of each of the 48 antigens. 

Workforce 
Within bacto there are two production teams operating independently, where each team is 

responsible for two process lines. The first team consists of 11 members and is responsible for 

process lines 1 and 2. The other team consists of 9 members and is responsible for process line 3 and 

4. Within each team there is a rotating work schedule where most people have dayshifts from 

approximately 7:00AM till 4:00PM, but each week one or two have a swing shift from 3:00PM till 

10:00PM. This swing shift cycles through multiple people of the team that are trained for this shift. 

These times are flexible because of the variability in the fermentation process. Each day the team 

adapts its work schedule to the planned fermentation processes and corresponding tasks. 

Furthermore not every team member is equally trained which means not every member can execute 

every task. In Appendix L a skill matrix of each team is shown which is used in the simulation model. 

3.3 Processes 

Pressing the ‘Run’ button on the dashboard will start the arena simulation. The model starts on 

Monday 0:00 and runs till Sunday 24:00 the week after. On each line an entity is created which 

passes through the ‘read input’ part of the model shown in Figure 20. It retrieves the start time from 
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Microsoft Excel and gets delayed till this start time is reached. From there all remaining data points 

are extracted from Microsoft Excel and written to the specific attributes of the entity. At the decision 

module it reads the prefix code of the entity and sends the entity to one of the 48 assign modules 

which assigns the corresponding prefix name and routing to the entity. The separate module at the 

end of the ‘read input’ part sends an entity to the planning part of the model and another entity to 

read the next antigen data row on the list.  

 

 
Figure 20: 'Read input' part of model for one process line 

When it enters the planning part of the model shown in Figure 21, it gets hold up in the order 

overflow queue. In the current state the antigens can only be released into the system when the 

system is empty. The initial planning should be such that the system is empty when the antigen is 

scheduled but this queue catches antigens which are scheduled early and ensures the system doesn’t 

crash. To make sure the first antigen is not stopped by this queue it first goes through a decision 

module which let the first antigen skip this queue. The antigens are released from the queue by a 

signal sent by the processed antigen leaving the system. To make the simulation future proof it also 

features an overflow timer function which doesn’t wait on the antigen leaving the system but has a 

predefined time a certain antigen should be in the system and releases the antigen from the 

overflow queue based on that time. An assign module captures the waiting time of each antigen 

within this planning part and sends it back to excel later on in the model. The top part of this 

planning part doesn’t actually belong to planning but captures the scheduled cleaning of the mixing 

vessels of the media preparation department on Friday afternoon. This is done by releasing an extra 

entity at the start of the model shown in Figure 20 which flows above the planning module by the 

line in the upper right. This entity gets hold up in a delay module till Friday afternoon. Then the 

media preparation vessels are seized and cleaning is started, when cleaning is done the vessels are 

released again. 

 
Figure 21: 'Planning part' of the model for one process line 

When the entity is released from the planning part it flows into the USP part of the model, the first 

section of this part is shown in Figure 22. It first passes a decision block which denotes the first 

routing decision based on antigen manufacturing characteristics. If an antigen gets their inoculum 

media from an external department it will go through the upper part of this figure, otherwise it goes 
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through the lower part. In the upper part the inoculum process starts first (purple) with media that’s 

produced by the external department and during this process the internal media department 

produces the media for its main fermentation process (blue).  

 
Figure 22: First section 'USP part' of the model for one process line 

The inoculum process consists of manually start the inoculum process, wait a predefined time and 

wait for transfer of this finished inoculum batch, in between there are modules to capture the start, 

wait and end times of each process. Media preparation consists of weighing ingredients in a weighing 

room, fill the mixing vessel, mix the ingredients and wait for transfer to a fermentation vessel. When 

media preparation is done and the main fermentation vessel is free it transports the media to the 

main fermentation vessel and start cleaning the media preparation vessels (blue striped). Cleaning 

equipment goes through the stages of CIP, PHT and SIP with manual actions in the beginning of each 

step. The system checks if inoculum fermentation is done and wait if that’s not the case. When done 

it transport the culture to the main fermentation vessel, start cleaning the inoculum vessel (purple 

striped) and start main fermentation (green). Main fermentation consists of setting up the process 

and manually start the fermentation process. The lower part of this figure starts with media 

preparation for the main fermentation (blue) and transports this media to the main fermentation 

vessel before cleaning the mixing vessels (blue striped). It then passes a decision module which looks 

if inoculum fermentation is required. If not the pre-culture goes straight to the main fermentation 

vessel to start main fermentation (green). When inoculum fermentation is required a part of the 

media in the main fermentation vessel is transported to the inoculum fermentation vessel to start 

the inoculum fermentation process (purple). When done the culture is transported back to the main 

fermentation vessel where main fermentation is started (green), afterwards cleaning of the inoculum 

fermentation vessel is started (purple striped). During these processes different equipment and 

people are required at different process steps which are captured by seizing and releasing specific 

resources at specific process steps. In addition the waiting time, start time and end time of each 

process step is recorded and send to Microsoft Excel. 

The green part shown in Figure 22 is not the end of the USP, therefore the second part of the USP is 

shown in Figure 23 and shows the main fermentation of Figure 22 as the beginning of this part. 

During main fermentation some antigens require extra ingredients at specific stages of the process 

which employees manually need to add to the vessel. After main fermentation the DSP starts with 

for most antigens a heat shock or inactivation before going to the DSP equipment. Therefore some 

antigens are transferred to the inactivation vessel from where they are transferred to the DSP 

processes, others are directly transferred from the main fermentation vessel. Each antigen has a 

specific DSP routing which is read from the antigens’ attributes at the routing module. When the 

antigen is transferred to the DSP equipment from the inactivation vessel, cleaning of the main 

fermentation vessel can start immediately after the transfer to the inactivation vessel. Otherwise the 
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vessel has to wait till the antigen is transferred and the transfer line is disinfected. All the parameters 

of these processes are recorded as well and send to Microsoft Excel. 

 
Figure 23: Second section 'USP part' of the model for one process line 

The DSP routing of an antigen can deviate from no DSP process required till requiring 9 different 

process steps on equipment of different process lines. In Figure 24 the DSP routings available on the 

DSP equipment of process line 1 are shown. Each routing possibility is colored differently where each 

color consists of a process part and ‘cleaning’ part (striped) to make it easier to understand. The blue 

area defines the steps required for the ‘DSP 1 only’ routing. The steps look quite streamlined because 

every DSP 1 process has the same procedure, namely transfer to the DSP 1, manually start the DSP 1 

and disinfect the transfer line. The red area defines the steps for a DSP routing only consisting of a 

DSP 3 process to harvest the antigen. This procedure consists of transfer the antigen to the DSP 

equipment, possibly some changeover time, harvest the antigen and disinfecting the transfer line. 

There is a decision module in this part to determine if a changeover time is necessary. The purple 

area shows a routing which consists of a DSP 1 step first and a DSP 3 step afterwards. The process 

steps itself are identical to the earlier mentioned DSP routings. The orange area defines a second and 

even third DSP 1 step on the DSP 1 of process line 1. The DSP 1 steps are therefore the same but a 

decision module determines if a third DSP 1 step is required. The green area shows the steps of a cell 

disruption process. This process consists of splitting the batch if the volume exceeds the capacity of 

the cell disrupter and run each batch through the cell disrupter. The DSP process of each area ends at 

a routing module from where the next step is read from the antigens’ attributes. When the antigen is 

transferred the cleaning part starts which is quite similar for each piece of DSP equipment. In 

addition for each process the waiting, start and end times are recorded and send to Microsoft Excel. 
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Figure 24: 'DSP part' of the model for one process line 

After the complete DSP routing of an antigen is completed the antigen enters the ‘write output’ part 

of the model. This part only consists of recording and writing modules to complete all time 

recordings and send the remaining data points to Excel. In the lower part of this figure there is a 

series of three blocks for undefined routings, which basically gives an error when an antigen is 

scheduled on a process line without defining the routing of this antigen for this process line first. The 

other series gives a sign to the main fermentation vessel to start cleaning when the antigen that 

finished main fermentation doesn’t require a DSP step. Normally the first DSP step in the DSP routing 

gives this sign to the main fermentation vessel. 

3.4 Output 

When the simulation is done the data points are converted from number of hours in the simulation 

to the correct day and time. This gives an extensive overview of all the process and waiting times. 

However to get a direct insight in the system behaviour a summary of these parameters is made 

where this extensive overview serves as a backup when specific process parameters are required. 

The most critical parameters of the system are waiting times, utilization and throughput. Therefore a 

data summary was made for each of these parameters and visualized in one simulation dashboard 

shown in Figure 25. On the left side of this figure the graph with the utilization figures of all the 

equipment in the system is shown. In the upper right the run button is shown together with quick 

visuals regarding the feasibility of the rhythm. Below these buttons is the table with all positive 

waiting times to get a quick idea about the waiting times experienced with a certain rhythm. Last but 

not least a table showing all the produced antigens with the corresponding start and end times is 
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visualized in the lower right of the figure. These key system parameters will be elaborated on in 

section 3.4.1-3.4.3. 

 
Figure 25: Simulation dashboard 

3.4.1 Waiting times 

The waiting times table of this dashboard shown in Figure 26 gives insight in all the waiting times 

occurred during the simulation for each of the process lines. These waiting times consist of process 

waiting times, planning waiting times and free main fermentation. Process waiting times are self-

explanatory, planning waiting times are antigens that were scheduled before the system had space 

and free main fermentation gives insight in the time the system was not occupied. Process waiting 

times and planning waiting times should be zero because of the fact that bio manufacturing works 

with live and deteriorating products. However some waiting times can be up to an hour or even 

longer before a quality issue occurs. A parameter called ‘feasible rhythm’ next to the run button 

summarizes these constraints in a green or red color. When this parameter is red the waiting time 

that’s too long is shown and together with the start time and end time of each process from the 

throughput table a modification can be done to resolve this infeasibility. 

 
Figure 26: Dashboard summary of waiting times 

3.4.2 Throughput 

Right below the waiting times table a throughput table is visualized shown in Figure 27. This table 

shows all scheduled antigens with their corresponding critical process start and end times. A 

parameter called ‘weekly rhythm’ uses this data to determine if the latest ‘finish cleaning main 

fermentation’ time minus the first ‘start media prep’ and ‘start inoculum’ time is less than a week to 

make this a weekly rhythm. If this is not the case, it is clearly shown which antigen takes too long to 

complete and if it could be scheduled earlier. 
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Figure 27: Dashboard summary of throughput 

3.4.3 Equipment utilization 

The last critical parameter shown in the dashboard is equipment utilization; this parameter is better 

visualized in a graph shown in Figure 28. This graph shows the utilization in percentages for every 

piece of equipment. In addition the 85% threshold is shown with a green line and the max capacity is 

visualized with a red line. The rhythm is feasible when the utilization stays below 100% but 85% is the 

goal for the bottleneck equipment. 

 
Figure 28: Dashboard summary of equipment utilization  
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4. Validation 

4.1 Input data 

4.1.1 Collecting data 

USP times 
All process times and fermentation parameters like yield have to be noted down on the Batch 

Manufacturing Instruction (BMI) of each batch produced for regulation purposes. Main fermentation 

has always been the most critical process step and if a batch didn’t pass a quality check the 

fermentation parameters had to be retrieved from the BMI. Therefore from 2006 onwards the 

parameters of each fermentation process had to be put into excel sheets (called trend files) as well 

for easier search purposes and trending possibilities. Each unique antigen has his own excel file 

where operators fill in the parameters mentioned above. To analyze this data all files had to be 

combined in one big data file. This had to be done carefully because this master file should 

incorporate all parameters that had ever been filled in for any of the antigens. When this master file 

was completed it incorporated all antigens processed from January 1st 2007 till January 24th 2017 

with some data points from 2016 because these files were not consequently filled in during this year. 

DSP times 
In the trend files where the USP data is collected no DSP data is noted down. Luckily every piece of 

equipment within bacto has to be monitored through software which communicates with a batch 

logging software. This software keeps tracks of all parameters defined for each process of each batch 

accordingly. It is used to monitor the process and for backtracking purposes but it is highly secured 

and decoupled from the internal network. Next to that the software is designed such that only 

viewing the screen is possible with no ability to store data on an external drive or similar techniques. 

The only possibility was using print screen and print through Microsoft Paint. This software was 

capable of archiving all batches up to two years so all these data points where printed on a4 sheets. 

These sheets were then scanned through optical recognition software and manually checked to get a 

digital dataset. For special equipment like the DSP 4 and DSP 6 no data was available because this 

equipment is not connected to the batch logging software. For this equipment the data was collected 

in the field by extracting data from the memory of the equipment itself or through analyzing the BMI. 

4.1.2 Cleaning data 

The next step was to clean the data in the master file. This incorporated fixing misspelled input like 

an invalid prefix or ‘process line’ differently spelled. Data that was unfixable due to totally different 

inputs than expected or unknown words was labeled invalid data and deleted from the data set. In 

addition there were impossible data entries found like a production date in the future or process 

times 100 times higher than the average which were therefore excluded from the dataset as well. 

Last but not least missed data entries of critical process parameters are excluded from the dataset 

for obvious reasons. 

4.1.3 Outlier test 

After cleaning the data an outlier test is performed to get rid of outliers in the dataset. The literature 

review suggests that Tukey’s method is the best suited method to detect outliers in this dataset. In 

Microsoft Excel the first quartile and third quartile of each prefix is calculated and the IQR is defined. 

This method is used to identify outliers in ‘main fermentation time’ for each prefix. The result shown 

in Appendix D seem to confirm that the method works correctly because it caught all the data points 
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that would visually be categorized as outliers. For the DSP all main process times were analyzed and 

the same conclusion can be drawn from the results shown in Appendix E. 

4.1.4 Normality check 

As stated in the method selection paragraph, the Anderson-Darling test is used to test normality for 

each antigen listed by their prefix. The probability plots and corresponding Anderson-Darling results 

for the USP are shown in Appendix F and for the DSP in Appendix G. To elaborate a bit further the 

results of the USP probability plots are taken. These results show 26 prefix codes with a p-value 

higher or equal than 0.05 which means they are normally distributed. 7 prefix codes show no 

significant prove of normality and the remaining 15 prefix codes show no p-value due to the fact they 

have less than 3 degrees of freedom for error. Because all prefix codes got the same process 

characteristics it would be logical that they follow the same distribution, that’s why the 7 prefix 

codes with no significant prove of normality are analyzed further. In Figure 29 the probability plots of 

these prefix codes are shown with their full test parameters. This shows that prefix code BMSL has 

only 7 data points and prefix code BPTD only 10, Pierce & Gray (1982) did simulation studies on 

normality tests and showed that adequate Anderson-Darling results are reached at a sample size of 

20. This does not mean that a smaller sample size can’t show normality but the chance that 

normality is not proven in the test becomes bigger with smaller sample sizes. Judging from the 

probability plot these antigens would show normality when more data points were collected. The 

remaining prefix codes will be analyzed individually to find the cause of each non-normality.  

 
Figure 29:  Probability plot of prefix codes showing non-normality 

BME2 
First prefix BME2 will be split up over the process lines it’s produced on because the total dataset can 

have a bi-modal or multi-modal distribution and therefore show no normality. The result of this split 

is shown in Figure 30. This figure shows normality on each individual process line except process line 

3. Zooming in on the data of this process line shows a trend in main fermentation time over the years 

due to poor process times before 2008, this is shown in Figure 31. The other lines started processing 

this antigen from 2008 so this explains the non-normality. Times before 2008 will therefore be 

excluded from the dataset. 
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Figure 30: Probability plot of main fermentation time of prefix BME2 

 
Figure 31: Trend in main fermentation time over the years 

BBB7 
Splitting the data of prefix BBB7 over the used process lines shows a normal distribution on process 

line 2 but not on process line 1. This plot is shown in Figure 32. Zooming in on the data of process line 

1, with a histogram it becomes clear the data distribution is negatively skewed, visualized in Figure 

33.  By asking specialists this could be explained because most antigens have a minimum and 

maximum main fermentation time allowed. Almost no antigen ever reaches these borders set in the 

regulations, but for this antigen it is common to just wait for the maximum fermentation time except 

when fermentation was done before this time. This antigen should be normally distributed if these 

boundaries wouldn’t be there, so no reason to exclude any data points in further analysis.  
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Figure 32: Probability plot of main fermentation time of prefix BBB7 

 
Figure 33: Skewed data distribution on process line 1 for prefix BBB7 

BAP1 
When prefix BAP1 is split up over the process lines it’s been produced on, all the individual process 

line distributions follow a normal distribution which made this an easy call. The probability plot is 

shown in Figure 34. 

 
Figure 34: Probability plot of main fermentation time of prefix BAP1 
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BAP2 
Looking at the probability plot of prefix code BAP2 shown in Figure 35, both process lines still don’t 

show normality. Therefore a histogram of this antigen on both process lines is plotted and shown in 

Figure 36. This figure shows some data points around 16 hours, which is the maximum fermentation 

time allowed, meaning the antigen didn’t grow and the maximum time was noted. The data points 

around 6 hours is due to a project in 2008 where the fermentation time was shortened without 

losing yield due to a different way of working, this was unfortunately unsuccessful. The fermentation 

time of 16 hours does fit quite closely into the normal distribution and there is no unusual cause, 

therefore these data points are left in the dataset. The data points with a fermentation time up to 8 

hours are excluded from the data set because these are due to the project in 2008. 

 
Figure 35: Probability plot of main fermentation time of prefix BAP1 

 
Figure 36: Histogram of prefix BAP2 on process line 2 and 3 

BOMP 
Prefix BOMP is the last antigen with no direct indication of normality, enough data points and is not 

produced on multiple process lines. By plotting a histogram of this antigen shown in Figure 37, it 

becomes clear there is a high granularity in the distribution. As could be seen in figures of other 

antigens there is always some granularity in the data sets due to the process parameters and way of 

working but this antigen has the most severe form seen so far. By looking closer to the cause of this 

granularity identifies three main peaks at exactly 10, 11 and 12 hours. After talking with some 
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specialists it became clear that this could be explained due to the fact that this antigen is mostly 

produced on Friday and Saturday. There are only a few people on Saturday so they have to plan the 

end of the fermentation time in advance. This can be done by looking at the growth trend and set the 

cooling profile on a fixed time based on this trend. This fixed time is mostly set on an integer number 

of hours like 10, 11 or 12 hours. There is however no reason to exclude any data points from the 

dataset. 

 
Figure 37: Histogram of prefix BOMP on process line 3 

4.1.5 Summarizing input data 

The antigens that do not show normality are caused by a shortage of data points or are due to 

resolution issues because the process step is really stable. Due to the fact the simulation will be 

based on time, the normal distribution parameters of inoculum and main fermentation for every 

antigen on any production line are shown in Appendix H. The same is true for the DSP process times 

and their normal distribution parameters are shown in Appendix I. 

4.2 Output data 

4.2.1 Accuracy 

Validation is required to prove that the simulation model captures all the dynamics of the real 

system. But because there were no real time studies done so far there is a risk the simulation model 

and input are correct, but validation leads to a false negative.  Luckily an improvement project that 

started June 2016 has led to a fixed rhythm on process line 4 started in week 6 of this year. During 

this project a lot of process times were collected and every process step was mapped on daily timed 

task lists for each operator. This was the perfect scheme to start validating the simulation model. The 

start times were matched with the planned weekly start times and the mean of each process from 10 

runs was compared with the time sheets. The result is shown in Table 1. Comparing the absolute 

difference in hours and dividing it by the total hours in a week resulted in 98% accuracy. Next to that 

it was known the utilization of the main fermentation vessel was between 80% and 85%, the 

simulation output resulted in 83% which is a perfect match. Comparing the output of each individual 

run resulted in a confidence interval of 95%. 
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Table 1: Model validation on process line 4 

 

Next to this most reliable validation it was interesting to know how the simulation would perform if it 

was used to replicate a schedule of all the process lines for a random week this year. This is much 

more challenging because there are no set time sheets and some processes are less standardized 

which means the input data used has a higher variability. Week 10 of 2017 was picked in which eight 

antigens were scheduled and produced on the four different process lines. The BMI was used to 

extract the process start and end times of each batch. The start times were then copied in the 

simulation and the output was compared with the times in the BMI shown in Table 2. The same 

method was then used for evaluating the performance which resulted in an accuracy of 95% and the 

same confidence interval of 95%. 

Table 2: model validation on all process lines simultaneously 

 

With this validation employees saw the potential of the tool and requested to validate certain 

planning’s schemes of upcoming weeks. This resulted in a quick win where the model gave insight in 

the total capacity required for each week’s schedule and for some weeks it showed overcapacity 

which could be used for the production of extra batches without any increase in effort. During 

validation of a scenario for process line 3 the simulation challenge came up negative. The dashboard 

showed the difference was the fermentation time of one batch that took 4 hours longer than 

scheduled in the scenario. Looking in the BMI revealed there was an extra cell expansion process 

step at the end of the fermentation time where the antigen should be left in the fermentation vessel 

4 hours longer than the initial fermentation time to increase the yield. The employees missed this 

step during the creation of their scenario and this would have let to an aborted batch if they had 

implemented their scenario. Next to preventing this infeasible scenario from being implemented, the 

simulation is used to optimize the scenario to make it feasible and generate the same output with 

even lower utilization levels. 

4.2.2 Benchmark 

Demand data collection and validation 
So far the routing, times and characteristics of each antigen are known but to make a future state the 

demand data for the coming years is required as well. To extrapolate to 2020 the newest ABR data is 

required, because this is the only long term demand forecast available. An update of the ABR data 

was released in May this year which was just before the analysis was done. This ABR data provided 

insight in the demand up to 2021 but before this data could be used the reliability of the data had to 

Processtep Data type BME2 BCA4  BME2 Difference

Start Media prep Real data Tuesday 12:30 Friday 9:00 Wednesday 15:00 0,12

Simulated data Tuesday 12:30 Friday 9:06 Wednesday 15:01

Start Inoculum Real data Tuesday 14:00 0,02

Simulated data Tuesday 14:01

Start Main fermentation Real data Tuesday 15:30 Friday 14:00 Wednesday 19:00 1,80

Simulated data Tuesday 15:20 Friday 14:18 Wednesday 19:18

Start DSP Real data Wednesday 8:30 Monday 14:00 Thursday 11:30 0,95

Simulated data Wednesday 8:30 Monday 14:18 Thursday 10:51

98%

PL1

Processtep Data type BLTD 0048 BBLU 0057 BHSG 0050 BE56 0012 BOMP 0425 BME2 0726 BIC4 0055 BME2 0727 Difference

Start Media prep Real data Tuesday 12:00 Monday 6:30 Thursday 18:00 Monday 12:00 Thursday 8:30 Friday 7:30 Tuesday 13:00 Wednesday 19:00 0,10

Simulated data Tuesday 12:00 Monday 6:30 Thursday 18:00 Monday 12:00 Thursday 8:30 Friday 7:36 Tuesday 13:00 Wednesday 19:00

Start Inoculum Real data Wednesday 09:19 Monday 09:18 Thursday 15:43 Tuesday 11:19 1,00

Simulated data Wednesday 09:15 Monday 09:37 Thursday 15:25 Tuesday 11:00

Start Main fermentation Real data Wednesday 16:22 Monday 15:46 Thursday 21:15 Monday 14:41 Thursday 18:50 Tuesday 15:49 Friday 13:43 Wednesday 22:09 3,03

Simulated data Wednesday 16:17 Monday 15:59 Thursday 22:05 Monday 14:44 Thursday 20:09 Tuesday 15:28 Friday 14:00 Wednesday 22:05

Start DSP Real data Friday 08:55 Tuesday 09:19 Friday 09:15 Tuesday 07:45 Friday 07:20 Wednesday 08:34 Monday 13:54 Thursday 14:15 4,33

Simulated data Friday 09:18 Tuesday 08:38 Friday 10:09 Tuesday 06:20 Friday 07:44 Wednesday 8:19 Monday 14:00 Thurdsday 14:03

95%

Week 10 - 6 March till 10 March 2017 PL4PL3PL2
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be checked. To get an idea of the reliability, the newest ABR data was compared with the ABR data of 

the preceding year and the actual antigens produced. From the comparison between the ABR data of 

this year and the preceding year the stability of the data could be checked. This comparison is shown 

in Figure 38 and shows some big differences; however these differences are due to production 

problems at other sites during last year which increased the production at this site.  

 
Figure 38: Stability of ABR data 

From the comparison between the ABR data and antigens produced, the accuracy of the planning 

could be determined. In Table 3 the accuracy of the demand of each antigen is shown next to the 

total mean. This mean shows that the production of each antigen was on average 23% lower than 

the ABR demand.  

Table 3: Accuracy of ABR data 

 

The reliability of the forecast is evaluated by trending the actual production and use Tukey’s method 

to see which antigens’ demand forecast doesn’t fit in this production trend. In Figure 39 all antigens 

Sum of Volume 2016 Sum of Volume 2017 Difference from ABR

BASA ABR 2016 86709 89516 -98%

BASA TotalRW 1500 0

BBB7 ABR 2016 3876 4167 33%

BBB7 TotalRW 6000 6000

BBR4 ABR 2016 69 79 85%

BBR4 TotalRW 3000 2250

BC7A ABR 2016 8674 8775 -61%

BC7A TotalRW 5250 1500

BCA4 ABR 2016 6075 6866 30%

BCA4 TotalRW 6000 17250

BF1A ABR 2016 20948 28709 -77%

BF1A TotalRW 4500 750

BGR4 ABR 2016 16 109 85%

BGR4 TotalRW 3000 2250

BIC4 ABR 2016 2498 4374 68%

BIC4 TotalRW 15000 22500

BICA ABR 2016 4834 4936 -84%

BICA TotalRW 1500 0

BIPN ABR 2016 68 69 -99%

BIPN TotalRW 0 0

BME2 ABR 2016 237498 254124 -54%

BME2 TotalRW 105750 110250

BMHY ABR 2016 0 0 81%

BMHY TotalRW 27000 16500

BORA ABR 2016 589 583 -100%

BORA TotalRW 0 0

BSGA ABR 2016 95675 113232 -82%

BSGA TotalRW 13500 10500

BSIE ABR 2016 7771 8102 -89%

BSIE TotalRW 750 750

BSPR ABR 2016 179 726 60%

BSPR TotalRW 1500 3000

BV1M ABR 2016 28364 33780 -92%

BV1M TotalRW 0 0

BVIC ABR 2016 37517 38434 -99%

BVIC TotalRW 0 0

BVSA ABR 2016 3 0 50%

BVSA TotalRW 750 0

Average -23%
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that were identified as an outlier are shown. This figure shows that most outliers are new products 

that have only a demand in this year because they are recently released, which means the actual ABR 

demand is quite reliable. 

 
Figure 39: Reliability of ABR data 

Benchmark result 
To evaluate the future state a benchmark of the current state is required. The performance of the 

current state is measured by taking the yearly demand from the ABR converted to liter days. The 

antigens are assigned to the process line it is normally processed on shown in Table 4 and based on 

this table the liter days are allocated to the process lines. The available liter days are calculated by 

taking 52 weeks in a year minus 6 weeks for maintenance, times the amount of liters the main 

fermentation vessel of the process line holds. This results in an equipment utilization percentage of 

the main fermentation vessel on each process line for each year up to 2021. These figures are 

visualized in a graph shown in Figure 40. This figure shows that currently the utilization levels of 

process line 4 are already above the 85% threshold for this year where the other process lines are 

not even above 50% of their capacity. This problem exponentially grows in the coming years as well 

because the demand for antigens scheduled on process line 4 experiences the biggest growth. 

Table 4: Assigned antigens per process line in current state 

 

PL1 PL2 PL3 PL4

BSGA BF1A BAP3 BME2

BBCK BC7A BOMP BMHY

BLTD BMSL BE56 BIC4

BBB7 BBLU BAP2 BCA4

BHSG BA98 BCVM BICA

BPTD BMOR BH18 BCAA

BV2A BABD BO83 BPOM

BV1M BASA BSPR BTAR

BSSU BACD BAP1 BBR4

BVSA BPPI BS48 BCA2

BSEQ BPMC BMA5 BGR4

BORA BSIE BMA4

BVIC BV01

BIPN

Prefix on each line
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Figure 40: Benchmark current state 

To quantify the problem in the current state the under capacity can be translated to potential lost 

sales. All required capacity above 100% utilization can be seen as lost sales and required capacity 

between 85% and 100% is sales at risk due to the fact that lead times explode when utilization 

reaches 100%. In this way a sensitivity factor is taken into account which makes the data more 

interpretable and accurate. A quick calculation with these numbers show that this year 2% of the 

products is at risk and in 2021 this increases to 24% of the products lost and 6% at risk. 
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5. Future state analysis 

5.1 What-if analysis 

The future state should incorporate the smartest decisions in terms of capacity to cope with the 

growing customer demand while keeping the required investments to a minimum. Looking at the 

benchmark of the current state which shows enough capacity when used efficiently; together with 

the fact that Single Use Bioreactors (SUB) are under investigation which could replace the current 

way of fermentation in a couple of years; scenarios to invest in new fermentation vessels or install 

complete process lines are not further evaluated. 

This means the future state should incorporate the most efficient use of capacity by making the 

smartest decisions in terms of antigen scheduling on process lines. To make these decisions the 

effect of each process line on the growth of an antigen and the constraints related to market 

regulations were analyzed.  

5.1.1 USP correlation 

Two main process parameters in the USP that can have a direct relation with main fermentation time 

are Inoculum fermentation and Yield. The inoculum fermentation time can influence the main 

fermentation due to the fact that bacteria growth follows four phases: 

 Lag phase: Bacteria adapt to the new environment and are not yet able to divide 

 Log phase: Bacteria is comfortable and is growing rapidly 

 Stationary phase: Bacteria experiences a growth-limitation factor like space or nutrients 

 Death phase: Bacteria are dying due to lack of nutrients or toxic environment 

Each time bacteria are moved to a new vessel these phases start over. The goal is to move bacteria 

to a bigger vessel between the middle and end of the log phase to make the lag phase as short as 

possible. This means the inoculum fermentation time can be correlated with the main fermentation 

time. 

The yield of a batch is determined at the end of the DSP process but is a direct result of the main 

fermentation process due to the same reasoning as the inoculum fermentation time. Stopping the 

main fermentation at the right moment is critical for the amount of yield generated from this batch.  

Before correlation can be determined the changes that had a possible influence on the inoculum 

fermentation time, main fermentation time or yield had to be analyzed. From all the changes 

implemented from 2007, the changes with product impact are analyzed by a two sample t-test 

assuming equal variances to see if the mean output is significantly different after a change. A sample 

of this test is shown in Appendix N.  

Based on the data after the last significant change all process lines on which an antigen has been 

produced on are compared in terms of inoculum fermentation time, main fermentation time and 

yield by a 2 sample t-test or Anova depending on the amount of process lines used. This resulted in 

three groups, namely significant difference, insignificant difference and no correlation test possible. 

This last group contains antigens that had exactly the same times on different process lines or were 

never produced on more than one process line. The first group with their correlations as well as the 

absolute difference in percentage is shown in Appendix O . The antigen BAP1 has a significant shorter 
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fermentation time on process line 3 due to a different fermentation setup and the volume of process 

line 3 copes better with the high demand which means it is dedicated to this line. BMOR shows a 

significant higher yield when processed on process line 1 which means BMOR is dedicated to this 

line. BBB7 has a shorter fermentation time and a significant higher yield when processed on process 

line 1 so this antigen is dedicated to process line 1. BSGA seemed significantly better on process line 

1 and 2 compared to process line 3 but because of high demand a process line with higher volume 

could be a better choice. Therefore this antigen is not yet dedicated to a line. The second group of 

antigens with no significant differences shown in Appendix P couldn’t be used for dedicating antigens 

to process lines but revealed that process line 1 was preferred over process line 2 by every antigen 

while both fermentation vessels should be equal. A recommendation is therefore to start an 

investigation to identify the cause of this difference but it was out of scope for this research. 

With the results from the correlation tests together with all the other data that was collected 

previously the antigens could be reassigned. From the start of the project it was clear that optimizing 

four process lines simultaneously is impossible so the first goal is to optimize 3 of the 4 lines, namely 

process line 2 to 4 and process line 1 will be used to produce the remaining antigens. From the 

current state it becomes clear that most antigens are scheduled on process line 4 because it is a 1500 

liter line and can grow almost any antigen. Process line 3 has a different setup which means it still 

produces 1500 liter but aerobe antigens don’t get enough oxygen which deteriorate their growth. 

Process lines 1 and 2 have plenty of capacity left due to the fact that there is almost no production in 

the weekends on these lines. This is because there is only one antigen assigned on these lines which 

has a fermentation time long enough to cover the entire weekend. To make use of these weekends 

some of the antigens from process line 4 with a long fermentation time should be moved to the 

smaller process lines. The most obvious antigen to move is an antigen from the antigen family with a 

longer fermentation time. However downscaling logically means each 1500 liter batch translates to 

two batches on the smaller process lines. In addition further investigation reveals not every antigen 

from this antigen family is allowed to be produced on these smaller lines due to European 

regulations. From the antigens that are allowed, two antigens have a significantly longer 

fermentation time than the others which makes them hard to fit in the current rhythm of process 

line 4. Therefore these antigens are moved to process line 2. Next the productions of the antigens 

with the largest demand are moved to process line 4 and all anaerobe antigens are scheduled on 

process line 3. Furthermore the routing of each antigen played a role when deciding between 

process lines 1 and 2 or process lines 3 and 4 due to a lack of DSP equipment on process line 1 and 4. 

BSGA turned out to be the hardest antigen to assign due to the fact that demand is high, certain DSP 

equipment is required and it lacks growth on process line 3. Furthermore BSGA should be made in a 

campaign, multiple batches in row, which makes it a great option for a rhythm. Therefore BSGA on 

process line 2, 3 and 4 are the scenarios that were evaluated. 

5.1.2 Scenario 1: BSGA on process line 2 

In the current state BSGA is mostly produced on process line 2. The yield on this process line is better 

than process line 3 but the output is only half the volume of process line 3. However due to this yield 

difference the actual amount of batches to account for this volume difference is only 30% more. 

After assigning BSGA to this line a benchmark of this scenario is made and shown in Figure 41 which 

gives a clear insight in the improvement. The utilization of all process lines increase gradually and 

stay below 85% till 2019, in 2021 the utilization of process line 4 has increased to 112%. 
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Figure 41: Benchmark scenario 1 

5.1.3 Scenario 2: BSGA on process line 3 

In the past BSGA was regularly produced on process line 3 due to its high volume output.  However 

due to the large capacity of the freeze dryer, which is the subsequent process step after the BSGA 

antigen is made in the bacto division, they started producing BSGA on process line 1 and 2 as well 

and noticed big yield differences. Even more recently quality noticed stability issues with the BSGA 

antigen produced on process line 3, which made planning decide to only produce BSGA on the 

smaller process lines. When decided that BSGA should be made on process line 3, the corresponding 

benchmark is made and shown in Figure 42. This figure shows the same trend as scenario 1 but 

releases a bit of capacity demand of process line 2 by moving it to process line 3 and therefore 

process lines 1 to 3 should be below threshold till 2020. However the utilization on process line 4 

stays unchanged. 

 
Figure 42: Benchmark scenario 2 
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5.1.4 Scenario 3: BSGA on process line 4 

Producing BSGA on process line 4 seems to be the solution to the BSGA problem but process line 4 

lacks a DSP 1 required for the DSP process of BSGA. In May 2016 a connection was made between 

the fermentation vessel of process line 4 and the DSP 1 of process line 3. However this connection 

was purely made for the production of BME2 and therefore there is no ability to clean this 

connection. But everything is possible so when a decision would be made to produced BSGA on 

process line 4 this would result in the benchmark shown in Figure 43. This figure reveals that this 

scenario releases a bit of capacity demand of process line 2 by moving it to process line 4 but that 

line is actually the most critical process line already. This means in this scenario process line 4 already 

crosses the 85% threshold in 2019. 

 
Figure 43: Benchmark scenario 3 

5.1.5 Scenario comparison 

To make a true comparison the same quantification is done as for the benchmark of the current 

state. The amount of under capacity in liter days is translated to potential lost sales where this 

potential lost sales is split into lost sales when a utilization of 100% is passed or sales at risk above 

85%. Combined with the benchmark results of the current state this results in the graph shown in 

Figure 44. 
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Figure 44: Scenario comparison 

This graph shows a tremendous difference between the current state and the scenarios analyzed. 

Scenario 3 which assigns BSGA to process line 4 results in the worst improvement with a reduction of 

85% in lost sales and 35% in sales at risk. Looking at the benchmark of the current state this didn’t 

seem the best option due to the under capacity without BSGA on this process line already. Moreover 

this is the most expensive option because after discussing this option the cost would be quite 

substantial next to a 2 week shutdown to modify the system. 

Scenario 1 and 2 both result in a 90% reduction in lost sales and a reduction in sales at risk of 

respectively 35% and 52%. This is mostly due to the fact that process line 2 has to run 30% more 

batches to meet customer demand. However the stability issues on process line 3 are quite complex 

because lots of factors come into play. To find the root cause of this instability a team needs to be 

setup and assigned to this project which takes weeks. One of the possibilities is that the fermentation 

vessel itself is the root cause which means that after this investigation the process line is still 

unavailable for BSGA production. Therefore scenario 1 with BSGA assigned to process line 2 seems 

the best option to use as a basis for the smart schedules. However if the recommended investigation 

results in a stable production with yields comparable to process line 1 and 2, this process line should 

definitely be considered for BSGA production again. Scenario 1 reassigns some antigens to other 

process lines and some of these changes incorporate batch size changes. Due to regulations the real 

optimal batch size can’t be determined but the optimal choice between the 1500 liter and 750 liter 

lines is made. This resulted in 4 antigens that are downscaled to balance the workload and utilize the 

weekends on the lower volume process lines. 

5.2 Smart schedule 

The next step was creating a portfolio of smart schedules for each process line to produce all 

antigens assigned to a process line based on this chosen scenario. The assignment of antigens to the 

process lines for this scenario is shown in Figure 45. The assigned antigens on process line 4 are 

currently already part of the rhythm of process line 4. Therefore the rhythm currently running on this 

process line is analyzed. 



43 
 

 
Figure 45: Assignment antigens to process lines 

5.2.1 Process line 4 

First the antigens from the antigen family with long fermentation times (BIC4, BCA4, BICA, BCAA and 

BCA2) are scheduled such that the weekend is used optimally for main fermentation, this process 

only needs manual actions at the beginning and end of the process. Currently there are some 

antigens of this antigen family that are scheduled in the same time slot of the rhythm but due to 

their much longer fermentation time they don’t fit in this slot. Therefore these antigens are 

scheduled to another process line as stated earlier. In Figure 46 the blue part shows the fermentation 

time and cleaning of the fermentation vessel for this antigen family on the optimal time during the 

weekend. The inoculum process needs to start three days before the main fermentation process so 

this is scheduled on Tuesday afternoon. This means the main fermentation vessel is free from 

Tuesday morning till Friday afternoon. However the inoculum fermentation vessel is occupied in this 

time interval, therefore only antigens without an inoculum process can be scheduled in this time 

interval. BME2 is the perfect antigen because demand is high and no inoculum fermentation is 

required. However the BME2 requires a DSP 1 which process line 4 doesn’t have. Therefore the 

connection stated earlier was made. For the best fit in the rhythm the main fermentation process of 

each antigen should start and end within working time. The result of this scheduling is shown in 

Figure 46 where the orange part is the BME2 antigen which is scheduled twice. BMA4 will be the 

substitute for this antigen based on ACF media but this antigen does have an inoculum step in the 

BMI. This is one of the implementation challenges that should be resolved. In addition all antigens 

that finish main fermentation will be transferred to the inactivation vessel from where the DSP 

equipment is fed. In this way the main fermentation vessel capacity can be used as effectively as 

possible. 

PL1 PL2 PL3 PL4

BBCK BSGA BAP3 BME2

BLTD BF1A BOMP BMHY

BBB7 BC7A BE56 BIC4

BMSL BBLU BAP2 BCA4

BBR4 BPOM BCVM BICA

BGR4 BTAR BH18 BCAA

BASA BHSG BO83 BCA2

BPPI BA98 BSPR BMA4

BPMC BMOR BAP1

BPTD BABD BS48

BSIE BACD BMA5

BV01

BV2A

BV1M

BSSU

BVSA

BSEQ

BORA

BVIC

BIPN

Prefix on each line
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Figure 46: Rhythm process line 4 

This rhythm is then challenged by simulation which shows no waiting times and matches the 

scheduled start and end times of the rhythm. This means the rhythm is feasible and a dashboard plot 

of the utilization graphs is shown in Figure 47. This figure shows a main fermentation vessel 

utilization of 83% which is close to the 85% threshold set by MSD. In terms of output this results in 

three batches a week instead of one batch a week in the beginning of 2016. However it should be 

stated that the improvement project for this rhythm was started in June 2016 and was up and 

running in the beginning of this year. Furthermore with this one rhythm all antigens assigned to this 

process line can be made. 

 
Figure 47: Equipment utilization process line 4 rhythm 
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5.2.2 Process line 3 

With process line 4 running on a fixed rhythm this will be taken as a constraint for the rhythms of 

process line 3. To determine the possible rhythms for this line the fermentation times and routing 

are compared. The fermentation times in hours are shown in Table 5 and the corresponding routings 

in Appendix K. 

Table 5: Main fermentation time per prefix on process line 3 in hours 

 

Furthermore only BE56 (and its substitute BMA5 when the inoculum step is removed from the BMI) 

do not require an inoculum fermentation process. This means it would be a good match with the 

BCVM because this antigen has a long inoculum process time in which no other antigen could be 

produced. On the same way as the antigen family with long fermentation time on process line 4 the 

antigen with the longest fermentation time (BCVM) is planned first. Because the DSP 1 is occupied on 

Wednesday and Thursday by process line 4, the downstream of an extra antigen should happen on 

Friday. Therefore the BCVM is planned from Friday afternoon till Wednesday and BE56 from 

Thursday to Friday. The resulting rhythm is shown in Figure 48. 

 
Figure 48: Rhythm A process line 3 

With this rhythm enough BCVM can be made, but BE56 and BMA5 need to be added to another 

menu to produce the demand for this antigen efficiently. The remaining antigens belong to 4 

different antigen families. These families have slightly different fermentation times and DSP routings. 
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The first and second antigen family both require a DSP 1 to harvest the antigen but process line 4 

occupies the DSP 1 on Wednesday and Thursday. Therefore the third antigen family (BOMP) and 

fourth antigen family (BH18, BS48, BSPR & BO83) harvest will be scheduled on these days. This 

means the BOMP will start on Tuesday and one of the fourth antigen family on Wednesday almost 

straight after the vessel is cleaned. There is room for a first antigen family (BAP1, BAP2 & BAP3) or 

second antigen family (BE56 & BMA5) before and after these antigen productions. Because the 

demand for BE56 and BMA5 isn’t enormous and takes slightly longer than the first antigen family, 

this antigen is only scheduled after the antigens on Thursday where the first antigen family is 

possible to schedule on Monday and Thursday. The resulting schedule is shown in Figure 49. 

 
Figure 49: Rhythm B process line 3 

There is quite a high demand for BOMP which can easily be placed in the fourth antigen family slot so 

an extra rhythm is made where BOMP is scheduled on Tuesday and Wednesday. When these 

rhythms were challenged by simulation the media prep process showed a problem. When these 

rhythms were scheduled in parallel with the rhythm of process line 4 the 1500 liter mixing vessel was 

required for both lines at the same moment. To overcome this issue a holding vessel will be used on 

process line 3 to decouple media preparation from the rhythm. This means media preparation can 

produce the media in a time interval between the two batches and store it in the media holding 

vessel which was already present at that process line but never used in this way. From this vessel it is 

then transferred to the main fermentation vessel when needed. That’s why in Figure 49 media 

preparation is renamed to media fill. These decoupled media preparation times are still used for the 

utilization figures of media preparation. During the creation of these rhythms simulation helped to 

optimize the capacity and make the rhythms feasible. The simulation utilization graphs of these final 

rhythms are shown in Appendix Q. These utilization graphs show that the rhythm with BCVM and 

BE56 results in a main fermentation vessel utilization of 89% which is a little over the 85% threshold 

but is low in the amount of manual process steps due to the long fermentation times. The other ‘four 

antigen’ rhythms with one or two BOMP have a main fermentation vessel utilization of respectively 

51% and 41% which results in a utilization of around 60% on average for this process line. The ‘four 

antigen output’ rhythms have a lower utilization due to the fact that the fermentation times of these 
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antigens are too short to cover the entire weekends but the output is still very good. In output the 

improvement is from ‘one or two antigens a week with a short fermentation time’ currently to two 

antigens with a long fermentation time or 4 antigens with shorter fermentation times a week. 

5.2.3 Process line 2 

With both process line 3 and 4 running on fixed rhythms, these are taken as a constraint for the 

rhythms of process line 2. However because process line 3 and 4 have different volumes and other 

DSP equipment, the shared equipment is significantly lower. Process line 3 can run different rhythms 

but to analyze the worst case the rhythm with the highest utilization (BCVM with BE56) is taken for 

the simulation evaluation. The antigens assigned to this process line with their corresponding main 

fermentation times in hours are shown in Table 6. 

Table 6: Main fermentation time per prefix on process line 2 in hours 

 

These antigens belong to 6 different antigen families. The two antigens with the longest 

fermentation time (BPOM & BTAR) will be scheduled first in a rhythm. To use the weekend as 

efficiently as possible the main fermentation will start at Friday afternoon. This leaves a capacity gap 

from Thursday afternoon till Friday afternoon for the main fermentation vessel. However during this 

time the inoculum fermentation vessel is occupied by these antigens. This means the only antigen 

that fits within this time interval is an antigen with a short main fermentation time and no inoculum 

fermentation in its routing. BHSG is the only antigen that matches these requirements. The result of 

this rhythm is shown in Figure 50. 
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Figure 50: Rhythm A process line 2 

The next antigens with a slightly longer fermentation time compared to the others are BACD and 

BABD. These antigens are planned in such a way that Monday morning the antigen finishes main 

fermentation to utilize the weekend in the best way possible. Straight after this antigen the other 

antigens except BSGA can be scheduled interchangeably because they have almost the same main 

fermentation times and comparable routings. The result is shown in Figure 51. 

 
Figure 51: Rhythm B process line 2 

Another possibility is use the BACD/BABD slot for one of these other antigens as well. Due to the 

shorter main fermentation time the start of this main fermentation process will be on Sunday to 

make sure it will be done at Monday morning as well. 

The last antigen remaining is BSGA which needs to be produced in campaign and therefore has its 

own rhythm. Again the weekend is utilized optimally first by scheduling it in such a way main 
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fermentation is done on Monday morning, the other antigens are just scheduled straight after each 

other where all manual tasks are scheduled within the working hours. This results in the rhythm 

shown in Figure 52. 

 
Figure 52: Rhythm C process line 2 

Most of these rhythms have a main fermentation process or corresponding inoculum fermentation 

process starting in the weekend. However there is not always someone around at these hours to 

start these fermentation processes. Luckily there is an easy solution to this issue due to the settings 

available on the fermentation vessel. It’s possible to set a temperature profile which starts cold to 

keep the bacteria inactive for a predefined time and then slowly increase the temperature to the 

desired degrees which makes the bacteria active and starts the growing stage. In this way the manual 

steps can be done at working hours and due to this profile the scheduled finish main fermentation 

time can be set accordingly. The simulation also helped during the creation of these rhythms by 

calculating when to schedule each step to optimize the capacity without big investments. The 

simulation utilization graphs of these rhythms are shown in Appendix R. The graphs show a main 

fermentation vessel utilization of 92% for the rhythm with BPOM and BHSG, however this rhythm 

requires almost no manual steps and the fermentation process itself is very stable. The combination 

of 4 antigens in one rhythm results in 73% and 63% for a rhythm with or without BABD/BACD 

respectively. The last rhythm created produces a campaign of the same antigen and results in 55% 

main fermentation vessel utilization. This means the main fermentation vessel utilization is around 

70% on average for this process line. This process line currently produces one or two antigens a week 

but this will improve to on average three batches a week where some weeks consists of 2 antigens 

with a longer fermentation time and weeks of 4 antigens with a shorter fermentation time.  

During the creation of all these rhythms it’s assumed the media for inoculum fermentation is bought 

from an external department. This significantly increases the effectiveness of the main fermentation 

vessel and is therefore essential to accomplish a more efficient way of working. These scenarios 

increase the average utilization and output of all process lines by 30% and create a very stable 

production schedule. Therefore the predictability of the system increases which decreases the 
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chance of missing ingredients and human error, furthermore it enables the reduction of stock levels 

before and after the bacto division. 

5.3 Extrapolation to 2020 

With these rhythms representing the optimal schedule for bacto with the current antigens and 

demand, the last part of the extrapolation to 2020 can be done. The graphs in Figure 41 and Figure 

44 show that in 2020 the capacity is not fully sufficient and sales will be at risk. However to be able to 

anticipate on this predicted under capacity the bottleneck process in that year needs to be 

determined. To do this the effective number of weeks which is currently 46 a year for each line are 

filled with rhythms and the corresponding output is matched with the demand of 2020. This shows 

that only process line 4 can’t make the required amount of batches due to the BMHY demand 

increase, in addition all slots of every rhythm on the process lines are filled to cope with the demand. 

But there are already some projects starting to produce BMHY in a SUB which increase fermentation 

capacity. However these batches still require DSP equipment which is fully occupied in the current 

amount of working hours. This means the only way to accommodate for this limitation is to bump up 

all rhythms to 85% main fermentation utilization which are currently constraint by the amount of 

working hours a week. The media preparation department becomes a bottleneck in 2020 as well due 

to the fact that the media for these SUB’s is made by this department as well. To resolve this issue 

the amount of working hours or the size of the workforce in this department needs to increase. 

Therefore it can be stated the real bottleneck in 2020 will be the workforce. 
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6. Conclusions & future directions 

6.1 Conclusions 

This thesis analyzed and optimized the capacity within bacteriological processing by simulation. The 

simulation model contains 8000 connections representing 48 antigens with their unique routing on 

25 pieces of equipment and more than 50 process steps. It captures all system dynamics of this 

parallel machine batch job shop environment. With the help of this model all antigens are dedicated 

to a product line and time slicing is used to make sure shared equipment is used as efficient as 

possible. This antigen assignment also incorporates batch size changes for some antigens to balance 

the workload and optimize capacity utilization. This new assignment increases output by 30%, 

increases average utilization by 30%, reduces the lead time and reduces lost sales and sales at risk by 

respectively 90% and 35%. The lead time reduction can’t be quantified because of a large variability 

in non-value added time. This is in terms due to the fact that some rhythms have an unavoidable 

waiting time overnight as a result of running only day shifts. From these assignments smart schedules 

are made which work as interchangeable weekly rhythms. These rhythms capture all process 

variability and create a stable manufacturing system which can cope with the demand till 2020. In 

2020 the production weeks and slots in the rhythms are fully occupied. SUB’s are probably in 

operation by then to produce BMHY and can be used to produce other antigens as well or serve as an 

inoculum fermentation vessel. However these antigens still need a DSP process and then the 

bottleneck becomes the workforce which limits the amount of hours a week manual processes can 

be scheduled. The recommendation is to start the implementation of these rhythms and be 

operational at the start of 2018. This will give enough time to implement the changes required to run 

these rhythms, namely: 

 Line to line transfers to validate antigens on other process lines 

 Create item numbers and transfers to buy all inoculum media from an external division 

 System changes to use a media holding vessel at process line 3 and be able to fill all inoculum 

vessels with external media. 

 BMA4 and BMA5 should be produced without an inoculum fermentation process step 

Some other recommendations are to start an investigation to identify the cause of the fermentation 

difference between process line 1 and 2. In addition an investigation should be started to investigate 

the instability of BSGA on process line 3 and transfer BSGA to this line when results are comparable 

to process line 1 and 2. 

6.2 Future directions 

Future work can be aimed at addressing some of the shortcomings of the current simulation due to 

scoping. This would increase the grip on the total process and can increase the stability and 

predictability of this division even more. Furthermore the future state is based on manual allocations 

based on key decision parameters but these decisions could be fitted into a mathematical heuristic 

to improve the continuity of the future state. This would help when new products that are 

transferred to this site have to be fitted in a current or new rhythm to keep a stable schedule. In 

addition, the downstream and upstream divisions can be optimized based on the stability the 

rhythms have generated which mitigates the need to keep high stock volumes before and after this 

division. Another option is to simulate the fermentation process itself to stabilize and optimize the 

yield which in terms increases the efficient capacity as well. 
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7. Assumptions 

 BCVM inoculum fermentation is set to 1 day, main fermentation to 4 days, based on times of 

the MSD site in Burgwedel and Milton Keynes which produces this product already, the DSP 3 

time is set equal to the MHYO antigen that is already in production on the production lines. 

 New antigens like BH18, BO83, BS48 and BSPR have only data of one batch but because the 

time and yield will only improve the schedule derived from this data stays feasible. 
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Appendix A. Fermentation process timesheet 
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Appendix B. Processes in scope of project 
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Appendix C. Project charter 
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Appendix D. Outlier identification plots per prefix 
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Appendix E. Outlier identification plots of the DSP equipment of 

process line 2 
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Appendix F. Probability plot and Anderson Darling test results per 

prefix 
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Appendix G. Probability plot with A-D test of the DSP equipment of 

process line 2  
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Appendix H. USP normal distribution parameters 
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Appendix I. DSP normal distribution parameters 
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Appendix J. Changeover and transfer times  

   

Prep. CIP Settings PHT Prep. SIP Full vessel Leiding ACF Pasteurisation Tr. MF/UF/WFDes. Tr. MF/UF/WFTr. Inac Des. Tr. Inac

DSP 5 0,25 0,5 0,25 0 0,1 3 0,5

DSP 4 0,25 2 0,25 0 0,1 3 0,5

TA201 0,25 3 0,25 1,5 0,1 2,5 0,5

PL3 DSP 2 0,25 3,5 0,25 3 0,1 3 0,5

PL2 DSP 2 0,25 7 0,25 1,5 0,1 3 0,5

TA 4201 0,25 2,66 0,25 1,16 0,1 1,5 0,5

TA 4301 0,25 2,33 0,25 1,16 0,1 0,88 0,5

PL2 DSP 3 0,25 3,5 0,25 1,4 0,1 3,5 0,5

PL2 DSP 3 0,25 3,5 0,25 1,4 0,1 3,5 0,5

PL2 DSP 3 0,25 6,5 0,25 1,4 0,1 3,5 0,5

PL4 DSP 3 0,25 6,5 0,25 1,4 0,1 3,5 0,5

PL2 DSP 1 0,25 2,5 0,25 1,33 0,1 2,5 0,5

PL1 DSP 1 0,25 2,5 0,25 1,33 0,1 2,5 0,5

PL3 DSP 1 0,25 2,5 0,25 1,33 0,1 2,5 0,5

PL1 Ino. Fer 0,25 1,5 0,5 1,2 0,1 1,2 0,5

PL1 Main fer. 0,25 2,4 0,5 1,2 0,1 1,2 3,1 0,5 2,5 0,25 0,91 0,1 0,5

PL2 Ino. Fer. 0,25 1,5 0,5 1,2 0,1 1,2 0,5

PL2 Main fer. 0,25 2,4 0,5 1,2 0,1 1,2 3,1 0,5 2,5 0,25 0,91 0,1 0,5

PL3 Ino. Fer. 0,25 1,75 0,5 1,5 0,1 1 0,5

PL3 Main fer. 0,25 2,25 0,5 1,5 0,1 1,16 4 0,5 1,5 0,1 0,5

PL4 Ino. fer. 0,25 3,1 0,5 1,2 0,1 1,66 0,5

PL4 Main fer. 0,25 3,1 0,5 2 0,1 3 2 0,5 1,5 0,1 0,5

Change-over times
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Appendix K. Antigen routings 

Prefix Process 1 Process 2 Process 3 Process 4 Process 5 Process 6 Process 7 Process 8 Process 9 Process 10 Process 11 Process 12 Process 13 Process 14 Process 15 Process 16 Process 17 Process 18 Process 19 Process 20 Process 21

BA98 x x x x x x x x x x

BABD x x x x x x x

BACD x x x x x x

BAP1 x x x x x x x

BAP2 x x x x x x x

BAP3 x x x x x x x

BASA x x x x

BBB7 x x x x x

BBCK x x x x

BBLU x x x x x x x x x

BBR4 x x x x

BC7A x x x x x x

BCA2 x x x x

BCA4 x x x x

BCAA x x x x

BCVM x x x

BE56 x x

BF1A x x x x x x x x x

BGR4 x x x x

BH18 x x x

BHSG x x x

BIC4 x x x x

BICA x x x x

BIPN x x x x x x x

BLTD x x x x x x

BME2 x x x x

BMHY x x x x x

BMOR x x x x x

BMSL x x

BO83 x x x

BOMP x x x x x x x x x

BORA x x x

BPMC x x x x x

BPOM x x x x

BPPI x x x x x

BPTD x x x x x x x x

BS48 x x x

BSEQ x x x

BSGA x x x x

BSIE x x x

BSPR x x x

BSSU x x x x x

BTAR x x x x

BV01 x x x x x

BV1M x x x x x

BV2A x x x x x

BVIC x x x x x

BVSA x x x x x
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Appendix L. Skill matrix workforce 
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Appendix M. Simulation BPMN model 
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Appendix N. Two sample t-test for process impacted changes 

 

Date Change no. Itemno. Prefix Inoculum Main fermentation Yield

9-11-2010 754268 002718 BBB7 TRUE FALSE FALSE

9-11-2010 754268 002730 BPTD FALSE TRUE TRUE

10-12-2010 740871 002730 BPTD FALSE FALSE FALSE

21-1-2011 823514 002757 BSSU TRUE FALSE FALSE

15-4-2011 754307 003803 BBLU TRUE FALSE FALSE

15-4-2011 754307 067857 BA98 FALSE FALSE TRUE

15-4-2011 754307 003804 BABD FALSE FALSE TRUE

15-4-2011 754307 003805 BACD FALSE FALSE FALSE

15-4-2011 754307 003806 BLTD TRUE TRUE FALSE

11-8-2011 691181 000637 BBCK FALSE FALSE FALSE

11-8-2011 691181 002724 BICA FALSE FALSE FALSE

11-8-2011 691181 002722 BCAA FALSE FALSE TRUE

11-8-2011 691181 092409 BIC4 FALSE FALSE FALSE

11-8-2011 691181 049754 BCA4 FALSE FALSE FALSE

11-8-2011 691181 086416 BGR4 FALSE FALSE TRUE

11-8-2011 691181 092409 BIC4 FALSE FALSE FALSE

11-8-2011 691181 049754 BCA4 FALSE FALSE FALSE

11-8-2011 691181 086416 BGR4 FALSE FALSE FALSE

11-8-2011 691181 128388 BCA2 FALSE FALSE FALSE

11-8-2011 691181 064275 BTAR FALSE FALSE FALSE

11-8-2011 691181 062736 BPOM FALSE FALSE FALSE

11-8-2011 691181 037589 BSGA FALSE FALSE FALSE

11-8-2011 691181 002788 BAP1 FALSE FALSE FALSE

11-8-2011 691181 002789 BAP2 TRUE TRUE FALSE

11-8-2011 691181 002746 BAP3 FALSE FALSE FALSE

11-8-2011 691181 104654 BOMP FALSE FALSE FALSE

11-8-2011 691181 002718 BBB7 FALSE FALSE FALSE

11-8-2011 691181 002730 BPTD FALSE FALSE FALSE

11-8-2011 691181 003803 BBLU FALSE FALSE FALSE

11-8-2011 691181 067857 BA98 FALSE FALSE FALSE

11-8-2011 691181 003804 BABD FALSE FALSE FALSE

11-8-2011 691181 003805 BACD FALSE FALSE FALSE

11-8-2011 691181 003806 BLTD FALSE FALSE FALSE

11-8-2011 691181 002768 BHSG FALSE TRUE TRUE

12-8-2011 691273 037589 BSGA FALSE FALSE FALSE

12-8-2011 691273 002788 BAP1 FALSE FALSE FALSE

12-8-2011 691273 002789 BAP2 FALSE FALSE FALSE

12-8-2011 691273 002746 BAP3 FALSE FALSE FALSE

12-8-2011 691273 104654 BOMP FALSE FALSE FALSE

12-8-2011 691273 002718 BBB7 FALSE FALSE FALSE

12-8-2011 691273 002730 BPTD FALSE FALSE FALSE

12-8-2011 691273 003803 BBLU FALSE FALSE FALSE

12-8-2011 691273 067857 BA98 FALSE FALSE FALSE

12-8-2011 691273 003804 BABD FALSE FALSE FALSE

12-8-2011 691273 003805 BACD FALSE FALSE FALSE

12-8-2011 691273 003806 BLTD FALSE FALSE FALSE

Changes with product impact
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Appendix O. Significant differences of antigens processed on certain process lines 

 

  

Row Labels Number of Batches 2017

Data points of 

Inoculum

Date of last inoculum 

change

Data points of 

Fermentation

Date of last fermentation 

change Data points of Yield

Date of last yield 

change Inoculum diff. Fermentation diff. Yield diff.

BAP1 3 31 31 7 6-13-2014

PL2 4 4 7 8,94%

PL3 27 27 -8,94%

BBB7 8 35 11-9-2010 48 48

PL1 24 30 30 6,10% 33,22%

PL2 11 18 18 -6,10% -33,22%

BORA 1 18 18 18

PL1 13 13 13 13,09%

PL2 5 5 5 -13,09%

BSGA 11 61 61 61

PL1 13 13 13 -7,11% 1,34% 12,54%

PL2 13 13 13 -8,21% 0,11% -1,50%

PL3 35 35 35 15,32% -1,46% -11,04%
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Appendix P. Not significant differences of antigens processed on certain process lines 

 

Row Labels

Number of Batches 

2017

Data points 

of Inoculum

Date of last 

inoculum change

Data points of 

Fermentation

Date of last 

fermentation change

Data points 

of Yield

Date of last 

yield change

Inoculum 

time mean

Inoculum 

time sigma

Fermentatio

n time mean

Fermentatio

n time sigma

Yield (FPE/L) 

mean

Yield (FPE/L) 

sigma

BAP2 15 5 1-13-2014 5 6-13-2014 68 3,62 0,63 10,35 2,20 1,72 0,42

PL2 5 5 68 3,62 0,63 10,35 2,20 1,72 0,42

BBCK 10 11 11 11 3,59 0,31 8,15 0,32 0,57 0,12

PL1 9 9 9 3,46 0,32 8,46 0,40 0,59 0,13

PL2 2 2 2 3,71 0,29 7,83 0,24 0,54 0,11

BHSG 5 32 20 8-11-2011 20 8-11-2011 0,00 0,00 15,18 1,70 10,10 1,01

PL1 19 12 12 0,00 0,00 15,58 1,91 10,34 1,13

PL2 13 8 8 0,00 0,00 14,78 1,48 9,85 0,90

BLTD 9 13 6-13-2014 13 6-13-2014 38 6,53 0,57 41,27 0,63 16,60 5,26

PL1 13 13 38 6,53 0,57 41,27 0,63 16,60 5,26

BMOR 5 16 14 6-13-2014 16 6,20 0,41 21,02 0,97 3,46 0,43

PL1 12 10 12 6,22 0,45 21,13 0,72 3,74 0,41

PL2 4 4 4 6,19 0,38 20,92 1,23 3,19 0,45

BSIE 2 7 2 6-13-2014 7 0,00 0,00 24,50 0,00 1,85 0,15

PL1 4 1 4 0,00 0,00 24,33 0,00 1,88 0,16

PL2 3 1 3 0,00 0,00 24,67 0,00 1,83 0,15

BSSU 1 8 1-21-2011 16 16 6,03 0,20 9,19 1,40 2,73 0,83

PL1 5 11 11 5,90 0,11 8,48 1,48 2,89 0,60

PL2 3 5 5 6,17 0,29 9,90 1,32 2,57 1,07

BV01 1 8 8 8 22,74 1,01 48,67 1,01 93,86 31,28

PL1 6 6 6 22,78 0,90 48,88 1,85 95,85 39,30

PL2 2 2 2 22,71 1,12 48,46 0,18 91,87 23,26
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Appendix Q. Simulation output of rhythms on process line 3 

PL4  BME2 + BCA4 + BME2 

PL3  BCVM + BE56 

 

 

 

 

 

 

 

PL4  BME2 + BCA4 + BME2 

PL3  BAP1 + BOMP + BO83 + BE56 

 

 

 

 

 

 

PL4  BME2 + BCA4 + BME2 

PL3  BAP1 + BOMP + BOMP + BAP1 
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Appendix R. Simulation output of rhythms on process line 2 

PL4  BME2 + BCA4 + BME2 

PL3  BCVM + BE56 

PL2  BPOM + BHSG 

 

 

 

 

 

PL4  BME2 + BCA4 + BME2 

PL3  BCVM + BE56 

PL2  BBLU + BBLU + BBLU + BABD 

 

 

 

 

 

PL4  BME2 + BCA4 + BME2 

PL3  BCVM + BE56 

PL2  BBLU + BBLU + BBLU + BBLU 
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PL4  BME2 + BCA4 + BME2 

PL3  BCVM + BE56 

PL2  BSGA + BSGA + BSGA 

 


