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Tiivistelmä 

Diplomityön tavoitteena on selvittää voiko kaupallista simulointiohjelmaa hyödyntää bio- ja lää-

keaineprosessien konseptisuunnittelussa. Bio- ja lääkeaineprosessit ovat usein eräprosesseja, jon-

ka vuoksi prosessia joudutaan tarkastelemaan dynaamisesti. Bio- ja lääkeaineprosessien konsepti-

suunnittelu sisältää yleensä pääprosessin mitoituksen aine ja energiataseen perusteella, prosessin 

eräaikataulun luomisen, käyttöhyödykejärjestelmien kapasiteetin selvittämisen ja laitoksen inves-

tointikustannuksen arvioinnin.  

 

Diplomityössä arvioidaan kaupallisen simulointiohjelmiston toimintaa simuloimalla kaksi esi-
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teluun konseptisuunnitteluvaiheen tarkkuudella. Ohjelmistoa voidaan suositella käyttöönottoa ja 

lisätestausta varten. 
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1   Introduction  

1.1  Background 

A process design project can be divided in different stages, which utilize different 

process simulation tools. During the conceptual design, process simulators are used 

for the study of different process alternatives and improvement of the process con-

cept. Additionally, process capacity, utility requirements and need for supportive 

processes is evaluated. During basic and detailed design stages, simulation is used 

for the detailed study of specific unit operations and phenomena. Simulators can be 

used in support of running facilities for example in optimization and in operator 

training. Process simulators are widely used by the chemical industry to simulate 

continuous processes. Advantage of the process simulators are time and effort 

saved during model calculation, easiness of use, the ability to model chemical reac-

tions and unit operations in a relatively robust way in short period of time. The re-

sult is in the potential reduction of time required for the research and development.  

 

As far as simulation of bio and pharmaceutical industries is concerned, these indus-

tries operate with processes significantly different when compared to traditional 

chemical industry. These processes are often operated in a batch or semi-batch 

mode which rules out the use of steady-state continuous simulators. Batch process 

simulation is used instead. Batch simulators work in a manner where time is taken 

in account. This produces a need for batch scheduling. Bio and pharmaceutical pro-

cess simulation additionally requires knowledge and models for bioreactions and 

sanitation, which simulators intended for the chemical industry tend to lack. The 

benefits that the process simulation offers for the design of bio and pharmaceutical 

processes are mainly focused on research and development and conceptual process 

design where the process design has not yet been fixed.  
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1.2  Objective 

The objective of this master’s thesis is to evaluate how well commercial batch pro-

cess simulation software can be used to simulate bio and pharma processes during 

conceptual process design. The software to be tested is a commercial batch process 

simulator SuperPro Designer® and scheduling tool SchedulePro® provided by Intelli-

gen Inc.. SuperPro Designer® is a batch process simulator designed for the bio, 

pharmaceutical and chemical industries. SchedulePro® is scheduling software de-

signed for various bio and batch processing scheduling tasks. The software is evalu-

ated by simulating Cohn process for human blood fractionation and industrial en-

zyme manufacturing process by microbiological fermentation in the thesis.  

 

1.3  Structure of the thesis 

In the literature section, features of bio and pharmaceutical process design and 

batch process simulators are studied. Aspects of bio and pharmaceutical process 

design as well as batch process scheduling are presented the first chapter of the 

literature section. Principles of batch process simulation are presented in the next 

chapter. In the applied section, basis of the simulation for Cohn-process and En-

zyme manufacturing process are explained. Additionally, user requirements for the 

simulation software are presented. Case processes are simulated with the commer-

cial simulation software SuperPro Designer® and scheduled with a scheduling tool 

SchedulePro®. The performance of the software is evaluated and results of the sim-

ulation are discussed. 

  



     

3 

 

LITERATURE SECTION 

2  Process design considerations of bio and pharmaceutical processes 

Bio and pharmaceutical process design is a long process and is consisted of several 

design phases with different objectives. The goal of the process design project is to 

find economically attractive and safe process. The project starts with research and 

development that provides the initial knowledge and the process candidates. Dur-

ing research and development, the candidates are screened and attractive options 

are continued. The researched process is further evaluated during conceptual de-

sign. This involves the main process design, quantification of supportive processes 

and utility requirements. This also includes the plant investment cost evaluation. 

According the results of the conceptual design, the process is further designed in 

basic and detailed design stages or discontinued.  

 

Process simulation can be used to speed up and improve the bio and pharmaceuti-

cal process design. The benefits of the process simulation are increased profitability 

of the designed processes and more uniform and fastened development of pharma-

ceutical processes. Process simulation can be used for the whole life cycle of a pro-

cess though the benefits of the simulation are usually higher in the earlier process 

design stages compared to detailed design and manufacturing (Klemola & Turunen, 

2001). During the research, development and conceptual design stages the process 

concept and its feasibility is studied with the process simulators. Benefits of the 

process simulation during these stages are usually high because different process 

configurations can be evaluated more efficiently with a simulator. Additionally, the 

simulation models created in earlier process design stages are available in the later 

parts of the design. (Klemola & Turunen, 2001; Aittomäki, et al., 2002)  

 

Petrides (2015) discusses early bio and pharmaceutical process design and process 

simulation. Petrides (2015) calls the assignment of unit operations process synthesis 
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and evaluation of the generated flowsheet as process analysis. According to 

Petrides (2015), process simulation is used to speed up and to improve the process 

synthesis and analysis. In basic and detailed process design, simulation is used for 

the design of specific unit operations and physical or bio reaction phenomena. The 

process concept and fundamentals are often more fixed at this stage of the design. 

 

Shanklin et al. (2000) described challenges that bio and pharma process simulation 

has over chemical process simulation. Bio and pharma processes contain some unit 

operations that are not generally used by the chemical industry. Special equipment 

such as fermenters are hard to be modeled rigorously because of the physical and 

biochemical phenomena occurring simultaneously. Properties of the production 

organisms and raw materials are not always fully known and therefore their model-

ing for simulation purposes is not easy. Pharmaceutical processes often integrate 

batch, semi-batch and continuous operations, which is not easy to be simulated 

accurately (Shanklin et al., 2000). Finally, bio and pharmaceutical processes have 

hygienic and aseptic requirements such as cleaning and sterilization that should be 

included in the simulation model.  

 

2.1  Batch process features  

In continuous processing, the process operates at steady state, which means that 

there is no accumulation of material over time. In a batch process, the material is 

accumulated over time resulting in a dynamic operation of the process. Thus, the 

process conditions and states change in respect to time. In addition, supportive 

processes and utility systems operate dynamically in addition to the main process. 

Consumption profiles are therefore not flat as for continuous processes and have 

consumption peaks that have to be considered during the design of batch process 

utility systems and supportive processes. Because batch processes do not operate 

continuously, the equipment stays idle for certain periods. This may encourage 
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batch processes to use same equipment for many different operations and proce-

dures to minimize the idle time. 

 

The batch recipe and the sequence define how the batch is produced. The recipe 

determines in which piece of the equipment each procedure is carried out, proce-

dure durations, the order of procedures and the raw materials that are needed for a 

single batch. Procedures are divided in the more detailed subtasks or operations. 

Sequence determines the execution order and logic of the subtasks. While the pro-

cess outcome of continuous processes is changed by tuning the process conditions, 

the batch recipe is changed in batch processes instead. (Sharratt, 1997). 

 

Batch processes are often used for low to medium volume products with higher 

price in contrary to continuous processes with large scale and low price products. 

Many biotechnology and pharmaceutical products, such as industrial enzymes and 

therapeutic proteins, can be classified such and favor batch processing. Certain fea-

tures of batch processes are the ability to use the same processing equipment to 

produce different products and more easily utilize different feedstocks. These fea-

tures are beneficial for bio and pharmaceutical processes that often produce multi-

ple products within the same the facility (Petrides, et al., 2014). Furthermore, batch 

processes are used if the process cannot be made continuous. Microbiological and 

pharmaceutical processes have high purity requirements that make it hard to carry 

out production without contaminations in continuous processes (Aittomäki, et al., 

2002). Besides, the traceability of the production batches is required for these pro-

cesses (WHO, 2011). It can be beneficial to favor batch processing with pharmaceu-

ticals because the distinction of different batches is easier than in continuous pro-

cessing. (Sharratt, 1997) 

 

Flexibility is an additional feature that favors batch processes over continuous ones. 

Continuous processes need to be operated 24/7 whereas batch processes do not 
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necessarily have to be operated continuously. It is much easier to plan the produc-

tion for season demand and then switch to other product on demand for a batch 

process. Using batch process for multiple products is also more convenient because 

the changeovers from product to product are more casual than with continuous 

processes. The startup of new products is easier because “only” a new recipe for 

the process has to be made. Changing the recipe is still in most cases easier than 

changing the physical process. Moreover, scale up from lab or pilot scale to com-

mercial scale is often easier to do for batch processes than continuous processes. 

Short production time encourages the use of batch processes though short produc-

tion time is not always a feature of bioprocesses (Aittomäki, et al., 2002). Small pro-

duction volumes are often easier and more profitable to produce by using a batch 

process. The reason for this is that in a batch process a single vessel can be possibly 

used for multiple operations that can reduce the capital investment. (Sharratt, 

1997) 

 

Single-use processing systems have become increasingly popular in the high value 

bioprocessing (Jones, 2015). They allow more flexibility for the production as there 

is not as many dedicated processing units. Single-use systems used for a single 

batch create savings in cleaning validation and less cleaning is needed. A smaller 

process is needed, as there is less dedicated equipment. This creates savings in in-

vestment cost whereas the operating cost of the plant increases. (Sharratt, 1997) 

 

2.1.1  Multiproduct and multipurpose plant 

According to Sharratt (1997), batch processes producing multiple products can be 

divided into multiproduct plants and multipurpose plants. Multiproduct plant oper-

ates with fixed production lines and produces different products using similar reci-

pes or recipes with a little variation. By contrast, multipurpose plants do not oper-

ate with fixed unit-task production lines. Instead, products with different recipes 

can be produced in varying combinations of equipment. Multiproduct and multi-
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purpose plants can operate under campaign when they both operate with fixed 

unit/task assignments. This can be referred as multibatch where similar batch is 

produced repeatedly as quickly as possible during the campaign. Differences of the 

multiproduct plant and multipurpose plants are illustrated in terms of recipe and 

unit/task assignments in Table 1.  

 

Table 1. Classification of batch process plant by recipes and unit/task assignments 

Plant type Multiproduct plant Plant under cam-
paign / multi -

batch 

Multipurpose plant 

Product recipe similar one dissimilar 

unit/task assign-
ment 

fixed fixed/fixed during 
campaign 

unfixed 

 

2.1.2  Scheduling  

For a batch process, the scheduling of the process is mandatory in order to mini-

mize the equipment idle time and to ensure desired performance of the process. 

Scheduling can be done if the recipes, resources and market requirements are 

known. The recipe determines the length of each task and their execution order as 

well as quantities of the material and resources used. Resources are the proposed 

process equipment, utilities, labor etc. Market requirements state how much, when 

and which product is to be produced. (Sharratt, 1997) 

 

Batch time, cycle time, process throughput and the process bottleneck can be de-

termined in the result of scheduling. These can be used to improve the process un-

der development during the design. Batch time tells how long it takes to produce 

one batch of product. Cycle time determines the duration that is needed before 

next batch can begin. Often mandatory operations such as Cleaning-In-Place, 
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Steaming-In-Place and other batch preparations or finish operations are included in 

the batch and cycle times. Process throughput expresses the amount of product 

produced in a certain period. Bottleneck is a piece of equipment, material, labor 

etc. that has the highest utilization rate in the process and therefore limits the per-

formance of the whole process. The process of debottlenecking implies to removing 

of the bottleneck by adding extra equipment and labor or by shortening operating 

time of the bottleneck procedure. Typical scheduling outcomes are GANTT-chart 

and equipment occupancy chart. In GANTT chart, different tasks are represented 

with respect to time. Occupancy of the processing equipment during the production 

batch is presented in the equipment occupancy chart. (Sharratt, 1997) 

 

Finding the optimal schedule and recipe can be hard because the number of possi-

ble step combinations. Sharratt (1997) describes three general features of the 

scheduling problem. First is the assignment of processing units and resources to 

tasks. Second is the sequencing of tasks and third determination of start and stop 

times. When all these features are combined the number of possible step combina-

tions increases. Scheduling problem can be approached by using heuristic methods 

such as rules of a thumb and reasoning. The search for better solutions can be done 

by testing different schedule combinations using custom-made algorithms. Addi-

tionally, different computer aided-methods such as scheduling tools and simulators 

can be used. Model based-optimization can used to find the optimal solution but 

this may require expertise and be computationally demanding. Scheduling of multi-

product plants is particularly challenging because of the multiple product recipes 

that share equipment and simultaneously consume utilities and resources. 

(Sharratt, 1997; Petrides, et al., 2014) 

 

2.2  Processes and unit operations 

A bioprocess is usually consisted of upstream and downstream processes. Upstream 

process includes raw material pretreatment, sterilization, inoculum and the bio re-
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action. Downstream process focuses on the product recovery and purification. 

Models for the bioprocess unit operations are needed for both upstream and 

downstream in order to design and simulate these processes.  

2.2.1  Upstream 

In a typical bioprocess, raw material is converted into product by a production or-

ganism. Organisms are often genetically modified to produce excessive amounts of 

desired product. Typical industrially used host organisms are yeast, bacteria and 

fungus. Mammalian cell cultures are used for the production of recombinant pro-

teins and pharmaceutical products such as vaccines (Aittomäki, et al., 2002). The 

process occurs in a bioreactor or fermenter that is a rather unique piece of equip-

ment. They are often considered as a major capital investment in the process 

(Aittomäki, et al., 2002). Fermenter has to contain the production organism within 

the reactor and protect it from the outside contaminants. Therefore, sterilization of 

the equipment and steam barriers are needed. Sterilization of the fermenter is of-

ten done either by full sterilization or by empty sterilization. In full sterilization, the 

fermenter is first filled and then the contents are heated in increased pressure. The 

vessel contents are then held at the target temperature and cooled. In empty steri-

lization, steam is injected into the empty fermenter. Additionally, in the empty steri-

lization, nutrients, antifoam and the fermentation media need to be sterilized be-

fore they are fed in the fermenter. Aerobic organisms need oxygen that has to be 

provided into the fermenter. Therefore, gas compressors are needed to produce 

the sufficient airflow. The metabolism of the production organism produces heat 

thus creating a need for cooling. The mass transfer of oxygen and heat transfer of-

ten limit the performance of the reaction (Heinzle, et al., 2006). There is a need to 

remove metabolic products, such as carbon dioxide, that are created by the produc-

tion organism’s metabolism without a risk of contamination of the fermenter con-

tents. This is done by venting the fermenter trough sterile filters. (Aittomäki, et al., 

2002)  

 



     

10 

 

According to Aittomäki et al. (2002), accurate modeling of the bioreaction is not an 

easy task. Bioreaction models are always simplifications of some degree. Some of 

the key areas of bioreaction modeling include mass and heat transfer, reactor mod-

els and enzyme kinetics. The presence of the living organism makes the modeling of 

the process difficult because the monitoring of the individual reactions caused by 

the organism’s metabolism is not feasible. Thus, the bioprocess industry tends to 

use empirical models such as statistical models that exploit experimental data. Em-

pirical models can be valid for certain problems but the model is rarely adaptable 

outside the experimental region. This means that the data obtained from the exper-

imental setup probably does not represent accurately the phenomena in a different 

environment. 

 

2.2.2  Downstream 

Downstream process can often be divided into the solid-liquid separation, product 

concentration, product purification and formulation. Downstream processing does 

share similar unit operations with chemical processes. Some unit operations are 

filtration and membrane separation, which are used for solid separations. Other 

typical unit operations similar to the chemical industry are for example crystalliza-

tion, precipitation, liquid-liquid extraction and drying. Evaporation and ultrafiltra-

tion are typical unit operations used for the product concentration. There are dif-

ferent kinds of Chromatography or crystallization techniques that are used generally 

for the purification of the product. Furthermore, product may be formulated before 

packing or dried in order to increase the shelf life of the product. (Aittomäki, et al., 

2002) 

 

The complexity of downstream processing depends on the type of the product, its 

purity requirements and price. Products that are formed inside the host organism 

need more downstream processing steps than the products that are formed and 

transferred outside the host organism during upstream processing. Products with 
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higher purity requirements need more demanding purification methods (Aittomäki, 

et al., 2002; Petrides, 2015) 

 

2.3  Supportive processes 

Bio and pharmaceutical processes often need solvents for various unit operations 

such as precipitation and as dissolving and cleaning agents. Buffer preparations are 

needed for the chromatography. Cleaning between the production batches is es-

sential for biotechnical and pharmaceutical process equipment and is often done 

with automatic Clean-In-Place units. All these supportive processes must be operat-

ed in parallel to the main process. These systems may become process bottlenecks 

if they are not designed together with the actual production process.  

 

2.3.1  Solvent recovery 

A typical application of solvent recovery is for example purification of solvent by 

distillation. For example in blood plasma fractionation by Cohn method, ethanol is a 

typical solvent that has to be either recovered or recycled (Ala, et al., 1999). Solvent 

recovery is usually economically attractive depending on the consumption of the 

said solvent, its price and the price of recycling. The recovery unit may work contin-

uously or it may be started according to demand.  

 

2.3.2  Buffer preparation 

For chromatography utilized in a pharmaceutical facility, a buffer preparation area 

is needed. The buffer preparation area is an area consisted of multipurpose or dedi-

cated vessels where buffer solutions for different chromatographic operations are 

prepared. The design of the buffer preparation for pharmaceutical processes can be 

rather challenging if there are multiple different chromatographic purification stag-

es that use different chromatographic techniques.  



     

12 

 

 

2.3.3  Clean-In-Place systems 

Cleaning-In-Place (CIP) is the cleaning of process equipment without dismantling 

them by using dedicated cleaning pipelines and return lines. CIP units are present in 

almost every biotechnology facility though their operation principles vary. Central-

ized CIP systems use a single unit for multiple cleaning targets whereas distributed 

systems have dedicated units for their CIP targets. CIP system may use recirculation 

of the cleaning agent back to the CIP vessel or it can be discarded after the use. 

Cleaning in place typically consists of automated CIP sequence including water rins-

ing, cleaning with a cleaning agent and final rinsing. (Lelieveld, et al., 2014) 

 

Smaller plants or plants with higher purity requirements such as pharmaceuticals 

usually favor systems without recirculation where cleaning agent is discarded after 

the use. These systems are also employed for the cleaning of special equipment 

such as ultrafiltration membranes. The advantage of these systems is that the po-

tential cross contamination source caused by the trace material is minimized. The 

disadvantage of these systems is the amount of wastewater that is generated by 

draining the washing liquid. CIP circulation systems are used when the cross con-

tamination is not as big issue as for pharmaceuticals. The advantage of the washing 

liquid recirculation is the savings in CIP chemicals though the system is more vul-

nerable to contaminations. Centralized CIP systems are used for small plants and for 

processing areas that have similar purity requirements. Usually process areas with 

different purity requirements have their dedicated CIP units. (Lelieveld, et al., 2014) 

 

Cleaning of the equipment is needed between batches and different operations. In 

a biotechnology plant, equipment and lines must also be washed if they are idle for 

certain time. This may additionally affect the CIP system capacity and has to be con-

sidered during the design of the facility.  
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2.4   Utilities 

Biotechnology and pharmaceutical facilities require many clean and standard utili-

ties. Clean utilities are needed for preparing the product and equipment while 

standard utilities are needed for the preparation of the clean utilities. The design of 

the utility systems can be rather demanding because of this layered structure. Addi-

tionally, the demand of the utilities is not always a constant in respect to time for 

batch processes. (ISPE, 2013) 

2.4.1  Clean water systems 

Different clean waters are needed for the production of pharmaceuticals as raw 

material for the product or in cleaning and other purposes. The quality of the water 

depends on the product characteristics and the production process. The end use of 

the final product and the route of dosage determine the water quality for pharma-

ceuticals. Water quality requirements are defined in pharmacopeias where detailed 

quality requirements are explained. Additionally, the manufacturer has an option to 

establish customized quality requirements for water quality based on the special 

features of the production process or the product. (ISPE, 2011) 

  

Typical clean water used in the pharmaceutical production plants are Purified Water 

and Water For Injection. Biotechnology facilities with lower purity requirements do 

not necessarily need either of them but they still require water that meets the de-

mands for potable water. Purified Water is produced from potable water by distilla-

tion, reverse osmosis or by other applicable method. Purified Water is used in the 

production of bulk pharmaceutical ingredients and other products with relatively 

high purity requirements. Water For Injection is used for the production of intravas-

cular medicine and other products that require extreme purity. Typically, Water For 

Injection is prepared from purified water by distillation. (ISPE, 2011) 
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Correct design of the water system is important. Undersized system may prevent 

the process operation whereas oversized system creates excessive capital invest-

ment. The design of the water system is initiated by defining the correct water qual-

ity in the different parts of the facility or in use points. Specific requirements for 

each use point in the facility are defined next. The criteria, including water tempera-

ture, pressure, flow rate and water demand, are determined for each use point. 

Total consumption of water can be characterized by combining water consumptions 

of the different use points into a histogram after the requirements for each use 

point are defined. With the histogram, the consumption different quality waters can 

be plotted against time and the system requirements can be specified. The system 

requirements include clean water generation rate, storage capacity, peak and aver-

age demands, system demand limit based on the largest loop draw-off and the ef-

fect caused to the existing water systems. Other things that should be considered 

during system design are system availability, shutdowns, mode of production (batch 

vs. continuous), different product specifications, equipment sharing, special operat-

ing requirements for certain products and the system sanitization. Water quality 

requirements should be re-evaluated after the system planning is done in case new 

design aspects have been revealed. The detailed design of the water system is done 

after the preceding criteria have been met. In detailed design, the actual distribu-

tion system is designed including number of cold and hot water loops, division of 

the water storages and the actual water purification equipment. (ISPE, 2011) 

2.4.2  Steam systems 

Different types of steam are needed for pharmaceutical facilities. Plant steam or 

utility steam is used for heating where the steam is not in contact with the product. 

Chemical-free steam is prepared from pretreated water that has no volatile addi-

tives. It is used mainly in humidification and is not used in contact with the product. 

Process steam is steam that can be used for injection heating for products that re-

quire less pure processing and sterilization. Its condensate meets the quality re-

quirements for potable water. Pure steam is steam that can be used in direct con-
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tact with the product, for example for sterilization and injection heating. In pharma-

ceutical applications, the division of steam types is twofold. Plant steam is used for 

heating where there is no contact with the product while pure steam is used else-

where. (ISPE, 2011)  

  

Planning of the pharmaceutical steam system involves evaluation of four main as-

pects. First, all steam applications and requirements are listed including company 

standards such as quality assurance requirements and standard operating proce-

dures. Steam use points are categorized by their type of application such as contact 

with product or humidity control, purity requirements and quality requirements like 

dryness and superheat. Steam generation method and number of systems needed 

should be selected during system design. In addition, safety considerations and 

condensate sampling needs should be reviewed. Criteria for the use points should 

be considered next. This includes use point pressures, flow rates and sampling. Uti-

lization of steam can be determined by scheduling based a histogram where peak 

and average demands as well as demand periods are analyzed. The final step con-

sists of evaluation of distribution system including condensate, non-condensate and 

moisture removal, pipe sizes and insulation and materials of construction and sani-

tary design (ISPE, 2011) 

2.4.3  Air and process gases 

Typical process gases used in biotechnological and pharmaceutical facilities are air 

and inert gases such as nitrogen. The need of air can be high for bioreactors. Pro-

cess gases need go through a sterile filtration where particles and microorganisms 

are removed if they are used in aseptic or sterile areas. Gas lines should be con-

structed by using materials that are compatible with sanitation and sterilization. 

Distribution system should include sampling points. Backflow from the target sys-

tem to the gas system should be prevented and the gas lines should be labeled in 

order to prevent mix-ups. In addition to process gases, instrument and breathing air 

are needed. Instrument air does not come in the contact with the product or clean 
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room atmosphere and therefore has to be designed accordingly. Breathing air quali-

ty is important to operator safety and may need to be filtrated at the point of use. 

(ISPE, 2011) 

2.4.4  Refrigeration and cooling 

There are often large needs for cooling and refrigeration in the biotechnology and 

pharmaceutical industry. Ala et al. (1999) discuss the cooling needs of a human 

plasma fractionation facility. These are the maintenance of reaction temperatures, 

different cold procedures, raw material and product storages. This also applies not 

to only fractionation of human blood plasma but other bio and pharmaceutical pro-

cesses as well. The design of batch process system involves the selection of refriger-

ation technology as well as refrigerant or water or air-cooled system. Some consid-

erations of choosing the correct refrigerant are cost, safety, amounts of refrigerant 

charge, hazard and safety management plans and legislation. The difficulty with 

refrigeration system design is that it often has large continuous demand in addition 

to peak demands. Additionally, refrigeration capacity is largely affected by the qual-

ity of insulation, the plant location, time of the year and other aspects. (ASHRAE, 

2014) 

 

2.5  Economical aspects 

2.5.1  Investment cost 

The cost of a biotechnology plant consists of direct fixed capital investment, work-

ing capital, start-up and validation costs. Direct fixed capital investment contains 

direct and indirect costs of the plant (Petrides, et al., 2014). Direct costs include the 

purchased equipment, installation, buildings and facilities. Indirect costs are engi-

neering and plant construction costs. Direct fixed capital also includes contractor's 

fee and contingency. Working capital is the money needed for the plant operation 

during the time of its operation when there is no revenue from production. Valida-
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tion costs are needed for the pharmaceutical process to prove that it fulfills the re-

quired patient safety requirements.  

 

The accuracy of cost estimation of a biotechnology facility depends on the stage of 

the design project. More experienced engineers who have the practical knowledge 

from similar projects often perform the early estimation. These estimates are often 

done rather quickly and are based on data from older projects. Early plant invest-

ment cost estimation can be based on the bioreactor capacity that probably repre-

sents the plant capacity or some other factor such as assumed amount of pro-

cessing steps that represent the size of the process or by simple scaling law correla-

tion. The accuracy of these order of magnitude estimates is not very high. According 

to AACE (American Association of Cost Engineering, 2016) guidelines, order of mag-

nitude estimates are called conceptual screening estimates or class five estimates. 

They state that in concept screening the expected accuracy for an investment cost 

estimation low range is from - 20 % to - 50% and high range from + 30 % to 100 %. 

Class four estimates are called study or feasibility estimates. Their accuracy range is 

-15 % to -50 % for the low range and from + 20 % to 50 % for the high range. Class 

four estimates are based on the major equipment of the process. Multipliers called 

Lang-factors are used for multiplying the calculated cost of the process equipment 

to estimate the cost of the direct fixed capital investment (Petrides, 2015). A tradi-

tional Lang-factor estimate for a plant investment cost is 3 to 5 times the cost of the 

process equipment depending on type of the plant. Lang factors varying from 3.3 to 

8.1 have been reported for a biopharmaceutical plant. (Vermasvuori, 2009). 

Petrides (2015) states the direct fixed capital investment is a multiple of three to 10 

times of the cost of the process equipment. The low multipliers apply to commodity 

biotechnology products whereas the higher end of the range applies to biopharma-

ceutical facilities. (Petrides, 2015) 
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According to AACE (2016), Class three investment cost estimates are used for budg-

et, authorization or control purposes. The knowledge required for level three esti-

mates is more detailed. The estimation accuracy varies between -10 % to 20 % for 

the low range and from + 10 % to + 30 % the high range. Preliminary layout and the 

facilities should be included in this phase investment project. The cost of clean-

rooms and containment areas can be significant for pharmaceutical facilities and 

therefore more detailed division of the investment cost estimates is needed 

(Petrides, 2015). Class two estimates are based on comprehensive design data from 

detailed engineering (AACE, 2016). They are used in cost control and their accuracy 

ranges from -5 % to - 15 % for the lower range and from + 5 % to 20 % for the higher 

range. Class 1 estimates are the most accurate estimates and are used in cost 

checking when the project is close to completion. The accuracy for these estimates 

ranges from -3 % to - 10 % for the lower range and from + 3 % to 15 % for the higher 

range. 

 

According to Heinzle, et al. (2006), the equipment list it is a good basis of the in-

vestment cost estimate. Equipment list represents the complexity of the plant and 

is easy to be generated from a basic flowsheet. This is not necessarily the case with 

the supportive processes and utility systems as it has been explained though. A cost 

estimate is calculated for each piece of equipment. The equipment cost can be es-

timated from vendor quotations, published data and form company's references or 

by a process simulator with sufficient costing capabilities (Petrides, 2015). Equip-

ment prices should include delivery and price effect of the construction material. 

Equipment installation cost must be taken account in the investment cost estima-

tion. The effect of the equipment size to its cost can be estimated with scaling law 

equation (1) based on cost information of existing equipment. (Perry & Green, 

1999) 

  
𝑐𝑜𝑠𝑡2 = 𝑐𝑜𝑠𝑡1 (

𝑆𝑖𝑧𝑒2

𝑆𝑖𝑧𝑒1
)

𝑛

 (1) 
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In the equation (1), notification “1” implies to an existing piece of equipment and 

notification “2” to new piece of equipment that is being calculated. Exponent n val-

ue depends on the type of plant and equipment. A typical value for the exponent n 

lies around the value 0.6 (Petrides, 2015). Equipment cost must also be corrected to 

represent today's currency and to take account inflation with equation (2) by using 

indexes. (Perry & Green, 1999). 

  
𝑛𝑒𝑤 𝑐𝑜𝑠𝑡 = 𝑜𝑙𝑑 𝑐𝑜𝑠𝑡

𝑛𝑒𝑤 𝑖𝑛𝑑𝑒𝑥

𝑜𝑙𝑑 𝑖𝑛𝑑𝑒𝑥
 (2) 

 

In the Lang method, plant investment cost is calculated by using equipment cost by 

using specific Lang-multipliers. Installation, piping, instrumentation etc. costs are 

calculated by multiplying equipment purchase cost with estimated Lang-multipliers. 

Thus, estimates for each cost category are obtained. Biotechnology plant Lang mul-

tiplier values for fixed capital cost estimation are presented in  

 

 

 

 

 

 

Table 2 (Petrides, et al., 2014) and Table 3 (Heinzle, et al., 2006). Cost estimation for 

buildings depends on the nature of the plant. Below average Lang multipliers can be 

used for commodity bulk producing facilities whereas higher multipliers should be 

used for pharmaceutical facilities with considerably higher purity requirements. 

(Petrides, 2015)  
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Table 2. Fixed capital cost estimation (Petrides, 2015) 
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Table 3. Average values for economic multipliers for different process types 

(Heinzle, et al., 2006) 

 

2.5.2  Operating cost 

Operating cost is divided into direct and indirect costs. Direct cost includes all the 

costs that are needed for the preparation of the product. This includes raw materi-

als, labor, consumables, quality assurance, waste disposal and utilities. Indirect cost 

includes facility overheads, which in turn comprises equipment amortization, taxes 

insurance and maintenance, and miscellaneous costs for example research and de-

velopment. (Petrides, 2015) 

 

Accurate prediction of operating cost often requires detailed information on actual 

costs for the particular case. Labor costs, for example, can vary significantly from 

country to country. In addition, there might be variations in other direct costs such 
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as raw material prices. Industry averages can be used to estimate them but there is 

a risk that the obtained results do not represent current cases well enough. Caution 

should be used when estimating operation cost in early design phases and then, 

probably the most important operating costs only should be included in the cost 

calculation. (Petrides, 2015) 

2.5.3  Profitability 

The profitability of the investment tells how attractive the investment is economi-

cally. There are several characteristics, which can be used to evaluate process prof-

itability. These characteristics contain the evaluation error of investment cost and 

operating. Therefore, when using these characteristics caution should be used. They 

should be used more of a help in the decision-making between the different process 

alternatives. Gross margin tells the ratio of gross profit and revenue. Option with a 

higher gross margin can be considered beneficial. Return on investment expresses 

yearly profits related to capital investment. When the costs of different alternative 

processes are compared, the alternative with the highest return of investment 

should be selected. Payback time tells how long it takes to produce enough profit 

for it to hit the breakeven with the investment. Other typical profitability estimation 

methods are net present value, annuity and internal rate of return methods. 

(Petrides, 2015)  

 

3  Batch simulators for the bio and pharmaceutical processes 

3.1  Batch process simulation 

Klemola & Turunen (2001) state that dynamic simulation is used for the simulation 

of batch processes. Dynamic simulators calculate the differential equations caused 

by the batch process properties that change in respect to time. Dynamic simulators 

can be used for batch process design and development as well as for detailed study 

of continuous and batch processes for example in plant optimization and personnel 

training. (Klemola & Turunen, 2001) 
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According to Petrides (2014), bio and pharmaceutical processes are often batch 

processes and multiproduct facilities. Petrides (2014) divides the simulation of 

batch processes into detailed simulation of single batch processes and simulation 

and scheduling of multiproduct facilities. The aim of the detailed simulation of sin-

gle batch process is to design, optimize and evaluate processes under development 

and comparison of different process alternatives. Detailed modeling allows the 

amount of resources and utilities to be evaluated, batch schedule and debottle-

necking actions to be done. The cost of a single batch as well as the process equip-

ment can be calculated according to simulation model. For multiproduct facilities, 

the aim is to predict interactions of the multiple products their combined resource 

and utility consumption.  

 

Petrides (2014) additionally divides the scheduling of multiproduct plants into three 

different applications with different goals and required level of detail needed. Ca-

pacity analysis is used for the evaluation of the production capability of a process in 

high-level over a long period. The goal of the capacity analysis is to determine pro-

duction rate and to evaluate the use of main resources. Production scheduling is 

done in order to assign resources for each production campaign in the time horizon 

varying from week to months. Facility design and debottlenecking are done by 

modeling the multiproduct facility in detail to estimate resources needed to meet 

the desired production volume. These resources are for example the main equip-

ment, labor, cleaning equipment and utilities.  

 

Petrides (2014) claims that there are multiple modeling approaches for batch pro-

cess modeling and scheduling. The accuracy and the complexity of each approach 

are different and often the easiness of use and availability affect the decision-

making.  
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3.1.1  Spreadsheet tools 

Spreadsheet tools, such as MS Excel, are probably the simplest tools for scheduling. 

They can be used to manually color cells and to produce schedules. Advantages of 

the spreadsheets are that they are easy to get familiar with and widely available. 

Spreadsheets allow some customizability: Excel, for example, has visual-basic based 

tool that can be implemented to create sophisticated macros. For a single product 

facility, spreadsheets can be practical for mass balance calculations and some rather 

simple optimization. Spreadsheet tools can be used for capacity analysis and possi-

ble simple production scheduling for multiproduct facilities. Dedicated simulation 

tools are probably better than spreadsheet tools for facility design and debottle-

necking. (Petrides, et al., 2014)   

3.1.2  Batch process simulators 

Batch process simulators are software specially designed for the simulation of batch 

processes. They solve material and energy balances according user set data. Their 

strength is the fact that they usually have easy to use user interfaces and the set up 

time for the simulation is quite fast. Simulators have ready built in unit operation 

models that speed up the simulation. Additionally they often contain sufficient data 

banks and material properties libraries. The downside of batch process simulators is 

the lack of adaptability. The simulator contains the features that have been pro-

grammed into it and often it is not possible for the user to make customizations. 

(Petrides, et al., 2014) 

3.1.3  Discrete event simulators 

Discrete event simulators (DES) are used for the simulation of multiproduct facili-

ties. In discrete event simulation, each simulation is run based on the occurring 

events. The end state of the event is known immediately when the event occurs. 

The user sets conditions for each event execution. DES tools allow large amounts of 

information to be gathered during the simulation that in turn makes data analysis 

and optimization possible. The advantage of the DES tool is flexibility. They can be 
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used for various scheduling tasks. They have been used for various other applica-

tions than as a process design tool though. They can additionally take into account 

equipment failures and delays caused by, for example, contaminations. The down-

side of these tools is that the user has to understand quite a lot from programming 

and thus the set up for the simulation can be laborious. (Petrides, et al., 2014) 

3.1.4  Recipe based scheduling tools 

Recipe based scheduling tools represent the process as a set of recipes. Recipes 

describe the steps, resources and timing of the steps required for the batch. The 

user sets the batch execution priority. These tools use scheduling algorithms that 

allow partial optimization of the schedule in respect to constraints. Recipe based 

scheduling tools allow production scheduling, design and debottlenecking of multi-

product facilities to be done in a relatively easy way. Their disadvantage, however, 

is the lack of the ability to design single batch processes in more detail. (Petrides, et 

al., 2014) 

  

3.1.5  Mathematical optimization tools 

These tools use mathematical modeling and generated algorithms to generate op-

timal schedules. These tools require problem formulation and the generation of 

models that represent the case issues well. This can be rather challenging indeed. 

There are examples where mathematical optimization tools have been integrated 

with the commercial process simulator software (Brunet, et al., 2012). Commercial 

production planning tools have some mathematical optimization features in them. 

(Petrides, et al., 2014) 

3.2  Commercial simulation software 

Commercial simulation software enables an engineering company to focus its re-

sources on other tasks than on development of the simulation software. For re-

search institutes and universities it provides a complete platform for the study and 

research of processes. The drawback of the commercial software is the cost that is 
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based on yearly license or a single purchase cost. The cost of the software can on 

the other hand be considerably smaller than the cost of developing the whole soft-

ware from scratch or make required modifications on existing software. Commercial 

simulators often come with a graphical user interface that makes the use of simula-

tor easier. This is advantageous for users with a little simulation experience. Graph-

ical interface usually speeds-up the implementation of the simulator but also cre-

ates a possibility to use the simulator without a proper knowledge of the system 

under study resulting in false results. Additional thing with commercial simulators is 

that they have only limited possibility for customization, which limits the use of 

simulator in different target environments. (Klemola & Turunen, 2001) 

 

There have been quite a lot of studies with commercial process simulators consider-

ing bio and pharmaceutical process design. Some of them feature the use of process 

simulators or scheduling tools, others combine these tools with mathematical tools 

for optimization. Shanklin et al. (2000) compared different commercial batch simu-

lation software Aspen Batch Plus and SuperPro Designer® by using few case studies. 

Case studies were simulated with the software and the software performance was 

evaluated by using Kepner-Tregoe decision analysis. In Kepner-Tregoe method both 

software received ratings, according to specified, criteria from 0 to 100 percent for 

various categories. The categories and their weights that were chosen are shown in 

the Table 4. The results of the study are outdated but the method itself and the 

compared categories are still valid and can be notified in the selection of batch pro-

cess simulator.  
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Table 4. Evaluation of process simulation software using Kepner-Tregoe Decision 

Analysis (Shanklin, et al., 2000) 

  

More recently Brunet, et al. (2012) studied, the combination of a process simulator 

with mathematical optimization tools for the optimization of single-product biopro-

cess. SuperPro Designer® was used together with Math Works Matlab and GAMS 

for the optimization of a typical fermentation process and L-lysine production pro-

cess. In the optimization, SuperPro Designer® was used for the implementation of 

the main process and economic equations while mathematical optimization tools 

were used for the optimization with a custom made algorithm. As a result, the 

simulation model was successfully optimized. (Brunet, et al., 2012)  

 

Heinzle et al. (2006) gathered a collection of bioprocess case simulations done with 

Super Pro designer. The simulator was used for multiple design, alternative compar-

ison, and sensitivity analysis simulations of processes with different characteristics 

(Figure 1). In the figure, simulated processes are shown in respect of volume and 

product price. The purpose of the figure is to illustrate that SuperPro Designer® is 

suited for the simulation of a large variety of processes. SuperPro Designer was 

used together with MS Excel and Oracle’s Crystal Ball software that builds on exist-

ing Monte Carlo and predictive modeling tools.  
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Figure 1. Case process simulations done with SuperPro Designer presented by 

Heinzle et al. (2006) 
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APPLIED SECTION 

4  Process descriptions 

4.1  Preparation of industrial enzymes 

The industrial enzyme production process contains important features that the sim-

ulation software needs to cover. The first aspect is that industrial enzyme plants are 

often multiproduct facilities. The ability for the software to simulate multiproduct 

facilities and different recipes executed in a single facility is therefore required. Sec-

ondly, the process contains multiple unit operations that are common for biopro-

cessing. These unit operations, such as fermentation, sterilization and filtration, 

need to be modeled in the simulation. Additionally, the simulator needs to be able 

to model fermentation kinetics of the enzyme production fermentation. 

4.1.1  General 

Enzymes are biocatalysts and proteins that have a specific catalytic activity for cer-

tain chemical reactions. Each protein molecule has an active site in its structure that 

works as a catalyst for certain reaction in certain environmental conditions. Indus-

trial enzymes are used in a variety of different industries including food, bio refining 

and laundry detergent industries. The production volumes of industrial enzymes are 

high when compared to pharmaceuticals but rather low when compared to produc-

tion of industrial commodity products such as ethanol and citric acid. (Sarrouh, et 

al., 2012) 

 

Industrial enzymes are produced by recombinant DNA technology. This means that 

a specific genetically modified microorganism is used for the production of a desired 

enzyme product. Microorganism is typically bacteria, fungus or yeast that is genet-

ically modified to express beneficial genes for a desired protein production. Typical 

fermentation media consists of carbon and nitrogen sources and has additional nu-

trients available. Air is used as the oxygen source. In the fermentation, the microor-

ganism grows biomass by consuming the carbon substrate and nutrition given to it. 
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As the media composition changes and the amount of nutrition starts to wither the 

microorganism begins to produce enzymes that help it to break down unusable 

parts of the media. Different production hosts, raw materials and process condi-

tions are used for different products resulting in a potential large variety in produc-

tion processes and recipes. For multiproduct facilities, the variety in production rec-

ipes causes challenges for equipment design and production scheduling. Bacterial 

fermentations, for example, are more rapid than fungal ones resulting in a greater 

need for effective heat transfer during their cultivation. Additionally, different raw 

materials are needed for each recipe. This creates limitations for raw material stor-

age and media sterilization equipment. (Aittomäki, et al., 2002)   

 

Industrial enzyme manufacturing is often done in batch or fed-batch mode. The 

advantage of the fed-batch compared to batch process is better control over the 

process and higher product titer. Typical bioreactors are stirred tank and airlift fer-

menters. Purity requirements for the production process vary. Fermentation and 

upstream sections follow aseptic processing principles. The purity requirements 

vary according to the product for the downstream section. If the product is used for 

foodstuff, the processing must be hygienic whereas for enzymes that have technical 

uses do not have similar requirements. (Aittomäki, et al., 2002; Heinzle, et al., 2006) 

 

4.1.2  The process description 

The case process for industrial enzyme production consists of two product recipes 

and a process based on the literature and assumptions. In the first recipe, xylanase 

is produced by filamentous fungi Trichoderma Reesei. Xylanase is an enzyme that 

degrades hemi-cellulose. The second recipe utilizes Bacillus species bacteria as a 

production organism in the production of alfa-amylases. Alfa-amylases are enzymes 

that degrade starch. The main process consists of upstream and downstream sec-

tions. The upstream section consists of raw material storage, 1 m3 and 10 m3 inocu-

lum fermenters, 100 m3 production fermenter, two sterilizers and a 100 m3 holding 
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tank. Downstream section consists of cell separation with pressure filtration, ultra-

filtration and packing equipment. Thus, the process produces two different enzyme 

concentrates as it main products. The goal of the simulation, in addition to software 

testing, is to optimize both processes separately and after that optimize their com-

bined schedule. Block diagram of the process is shown in the Figure 2. 

 

Figure 2. Block diagram of the industrial enzyme manufacturing process 

The sequence of the process is represented in the Appendix 1. The process is start-

ed by filling the 1 m3 seed fermenter with media. The fermenter and medium are 

then sterilized with steam and cooled down. Thereafter, the laboratory prepared 

seed is grafted into the 1 m3 seed fermenter. Aeration is started and the fermenter 

is operated according to its recipe for the fermentation time. 10 m3 seed fermenter 

is prepared by filling it with the media and after that fermenter is sterilized with its 

contents. After cooling, the contents of the smaller seed fermenter are transferred 

into the larger one. After the transfer, cleaning-in-place of the 1 m3 fermenter is 

done. The fermentation in the larger seed fermenter occurs for the time described 

in the recipe. The production fermenter is prepared by empty sterilization with 

steam and is then cooled. After the cooling, the contents of the seed fermenter are 

transferred into the production fermenter. The fermenter is then filled to desired 

level with media that has been sterilized by using the sterilizer, and the seed fer-

menter is cleaned-in-place. The production fermentation is started and the steri-

lized feed is fed into the fermenter. The fermentation broth is transferred to the 

holding tank from the fermenter after the fermentation is finished. The holding tank 

Inoculum 
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fermenter

formulation concentration Cell separation Holding tank
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has the same capacity as the production fermenter. After the transfer, the produc-

tion fermenter is cleaned-in-place. 

 

From the holding tank, the fermentation broth is transferred into the pressure fil-

tration where the cell separation occurs. Some filter aid is added in the holding tank 

before the filtration. The Added amount is 2.5 m-% of the fermentation broth. The 

fermentation batch is filtrated into the concentrate tank. The volume of the concen-

trate tank is large enough for the filtered broth batch. The holding tank is cleaned 

after the transfer. As soon as the filtration is finished, the filter is cleaned. The con-

centration of the fermentation broth is started as soon as there is enough level in 

the concentration tank. After the concentration is finished, the concentrate is 

moved to formulation and packaging. The concentration equipment is cleaned after 

that. The product is formulated into the specification by adding water in a formula-

tion vessel. Some caustic soda is added for preservation purposes. The product is 

packed into 1 m3 containers. 

 

4.1.3  Assumptions and initial data 

The initial data and assumptions for the simulation are presented in the Table 5. 

Both fermentations use glucose as a carbon source during the seed fermentation 

cultivation. The growth medium composition is simplified in the simulation. The 

medium contains water, nutrients and the carbon source. It is assumed that there is 

no product formation during cultivation with glucose (Xiong, 2004). According to 

Aittomäki et al. (2002), bacterial fermentations are considerably more rapid than 

fungal ones. The doubling time of the cell population for fungal fermentation is 1.5-

13.5 h whereas for bacterial fermentation the doubling time is 40-80 min. The culti-

vation time calculation is based on the assumption that the cell growth rate with 

glucose is similar to production rate with inducing substrate that was reported in 

the literature. The metabolic heat, calculated from the reaction oxygen demand, is 

460 kJ /mol. (Heinzle, et al., 2006). The cultivation stage of the fermentation is rep-
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resented with a black box stoichiometry. The stoichiometry is calculated by solving 

elemental balances over the reaction with the MS Excel solver tool. The composi-

tion of average microbial biomass can be represented by formula CH1.79O0.5N0.2 

(Aittomäki, et al., 2002). It is used for both the fungal and bacterial biomass because 

of the lack of more specific data. Additionally, assumed yield coefficient of 0.5 bio-

mass / glucose is used in order to solve the elemental balances of the reaction 

(Heinzle, et al., 2006). Ammonia is used as a nitrogen source. Oxygen is provided by 

aeration and the aeration rate is estimated to be 1 VVM for the 1 m3 fermenter and 

0.7 for the 10 m3 fermenter (Aittomäki, et al., 2002). VVM implies the volume of air 

per the volume of reaction media per minute. The following equation represents 

the cultivation fermentation: 

 

C6H12O6 + 0.732 NH3 + 2.17 O2 → 3.66 CH1.79O0.5N0.2 (Biomass) + 3.82H2O + 2.34 CO2    (3) 

 

The Product formation is initiated by a substrate feed in the production fermenter. 

For fungal fermentation, the inducing substrate is lactose and for bacterial fermen-

tation, it is starch. Kinetic parameters for both fermentations were obtained from 

the literature (Tholudur, et al., 1999; Al-Qodah, et al., 2006). The obtained kinetic 

parameters are used in order to calculate the fermentation times in the simulation. 

The kinetic parameters for the fungal xylanase fermentation are assumed similar to 

fungal cellulose fermentation. This does not necessarily reflect to the reality but 

similar production host is used for both cases. An assumption is made because bet-

ter data was not available. Ammonia is used as a nitrogen source and air as an oxy-

gen source. An aeration rate of 0.5 VVM was estimated for the main fermenter 

(Aittomäki, et al., 2002). Black box stoichiometry was set up for both recipes to rep-

resent the product formation. Elemental balances for the fungal product stoichiom-

etry were calculated with an estimated yield coefficient of 0.377 g biomass/ g lac-

tose. A yield coefficient of 0.44 g biomass / g starch was used for the bacterial 

product formation. The elemental composition of CH1.55O0.31N0.25 was used to repre-
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sent the protein product (Eerikäinen, 2016). Stoichiometry of the fungal fermenta-

tion is presented in the equation 4 and the bacterial fermentation stoichiometry in 

the equation 5: 

 

C12H22O11 + 1.76 NH3+3.56 O2 → 2.83 CH1.55 O0.31 N0.25 + 5.24 CH1.79O0.5N0.2 + 6.76 H20 
+ 3.92 CO2      (4) 

 

C6H12O5 + 0.893 NH3+2.15 O2 → 1.22 CH1.55 O0.31 N0.25 + 2.94 CH1.79O0.5N0.2 + 3.76 H20 
+ 1.85 CO2       (5) 
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Table 5. The initial data for the simulation 

Parameter Fungal fermentation Bacterial fermentation Source 

Host T. Reesei -Fungus Bacillus - bacteria 1,2 

Composition CH1.79O0.5N0.2  CH1.79O0.5N0.2 3 

Product Xylanase Amylase 1 

Composition CH1.55 O0.31 N0.25  CH1.55 O0.31 N0.25 3 

Cultivation substrate glucose glucose 1 

Inducing substrate lactose starch 1 

Doubling time 1.5-13.5 h 42-83 min 4 

Kinetic parameters       

u max 0.0493 1/h 0.53 1/h 5, 2 

Ks 0.2346 g/l 1.1 g/l 5, 2 

Td - 1.98 h 2 

Yx/s 0.377 g cell/g S 0.44 g cell/g starch 5, 2 

kd 0.0065 1/h 0.4 g/l/h 5, 2 

KI 50.26 g/l 190 mg/l 5, 2 

Product formation coefficient α 0.0409 - 5 

Product formation coefficient β 0.0015 1/h - 5 

Specific growth rate - 0.35 calculated 

Operation mode Fed-batch Fed-batch   

Temperature during cultivation 37 °C 50 °C 1 

Temperature during induction 28 °C 50 °C 1 

pH during cultivation 4 7 1 

pH during induction 7 7 1 

Aeration 1 m3 1 VVM 1 VVM 3 

Aeration 10 m3 0.7 VVM 0.7 VVM 3 

Aeration 100 m3 0.5 VVM 0.5 VVM 3 

Fermentation times calculated calculated  

Inoculum seed concentration 1 g / l 1 g / l estimated 

Reference: Xiong, 2004 (1); Al-Qodah, et al., 2006 (2); Aittomäki, et al., 2002 (3); Eerikäinen 
T., 2016 (4); Tholudur, et al., 1999 (5) 
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4.2  Human blood plasma fractionation 

The major concern of the human blood plasma fractionation process is the need for 

different clean and standard utilities. Blood plasma fractionation facilities combine 

ethanol precipitation method with different separation procedures that require 

different supportive processes, such as ethanol regeneration and buffer solution 

preparations. Additionally, there are product purification processes that should be 

coupled with the fractionation process.  

  

4.2.1  General 

Human blood plasma fractionation is the separation of blood plasma protein com-

ponents from the human blood serum. There are over 200 different proteins in the 

human blood plasma which each play important role in the human physiology (Ala, 

et al., 1999). Many of these proteins can be separated and purified and to be used 

for treatment in different therapeutic and medical conditions. The purpose of the 

human blood plasma fractionation is to prepare blood proteins for therapeutic pur-

poses and to save of the blood resources by dividing human blood into different 

components that can be given for patients according to demand. (Leikola & Myllylä, 

1995) 

 

Plasma products derived from the human blood plasma have different clinical uses. 

Plasma contains proteins such as albumin, different immunoglobulins, blood coagu-

lation factors, anticoagulants, protease inhibitors and growth factors. The concen-

trations of different proteins vary significantly albumin being the most abundant. 

The concentrations of some proteins such as growth factor are very small. The mass 

of the plasma proteins varies from few thousand to million Daltons. (Ala, et al., 

1999) 
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According to Ala et al. (1999), the most important plasma products are Albumin, 

Immunoglobulin and blood coagulation factor VIII. Bertolini et al. (2012) state that 

Immunoglobulins are the current driving force of the plasma fractionation industry 

and the other more commercially important products are albumin, Factor VIII, Fi-

brin sealants and Factor IX, antithrombin and alpha-1 antitrypsin (A1AT). The major 

fractionation companies typically try to extract as many products as possible per a 

unit of plasma in order to maximize the economy of the fractionation. Thus, frac-

tionation facilities concentrated in the production of single products tend to be un-

economical. (Bertolini, et al., 2012) 

 

In general, the consumption of plasma derived products is predicted to grow. The 

highest growth is predicted for immunoglobulin products but the consumption and 

growth expectations vary significantly regionally (Bertolini, et al., 2012). According 

to the report of The Marketing Research Bureau (2014), the total market of plasma 

proteins in 2012 without clotting factors made by recombinant technology was $ 

15,222 million. Immunoglobulins possess the highest market share. Market shares 

for Albumin and plasma derived Factor VIII are considerably smaller (Figure 3).  
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Figure 3 Worldwide plasma proteins market by product – 2012 (The Marketing 

Research Bureau, 2014) 

 

Fractionation processes can be divided into three fundamentally different process-

es. The ethanol precipitation process is based on the Cohn method where compo-

nents of the human blood plasma are separated by their solubility under different 

conditions. The main parameters of the ethanol fractionation are pH, ethanol con-

centration, temperature, ionic strength, and protein concentration. Additionally 

precipitation time plays role in the process. In the process, ethanol concentration is 

increased from 8 % to 40 % under temperature below zero degrees during the dif-

ferent precipitation steps. Five major fractions are separated in different conditions 

with the process (see Table 6). (Leikola & Myllylä, 1995) 
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Table 6. Plasma fractions in Cohn process (Leikola & Myllylä, 1995) 

Fraction Ethanol (%) pH Proteins 

I 8 7,2 Fibrinogen, Fibronectin, Factor VIII 

II + III 25 6,9 
IgG, IgA, lgM,  

Factors II, VII, IX, X 

IV 40 5,9 
alfa and beta-globulins, AT-III, alfa-1-antitrypsin, 

lgM + others 

V 40 4,8 Albumin 

 

Leikola & Myllylä (1995) have discussed the advantages of the Cohn process. They 

state that Cohn process is a good process for relatively large-scale production espe-

cially for the production of albumin and Immunoglobulin G (IgG). The modifications 

on the Cohn process are possible and the process can be combined with other pro-

cesses like chromatography. Therefore, it is often used as basis fractionation in 

many plasma fractionation processes. Chromatographic processes are used in blood 

plasma fractionation for the separation of proteins and for their purification 

(Bertolini, et al., 2012). The advantages of chromatographic processes are good se-

lectivity, efficiency and the fact that they can be combined with other processes, 

such as membrane technology, relatively easily (Leikola & Myllylä, 1995). Ala et al. 

(1999) state that chromatography is an excellent technique for the purification of 

trace and labile proteins.  

 

In a combined fractionation process, ethanol precipitation is used for the separation 

of different protein pastes and the purification of IgG and albumin while chroma-

tography is used for the purification and separation of different proteins from 

pastes and supernatants produced by the ethanol fractionation (Bertolini, et al., 
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2012). The advantage of the combined process is the increased efficiency that is 

achieved by using as large part of the raw plasma material as possible to produce 

multiple products. This results in higher cost-effectiveness of the fractionation pro-

cess. Additionally products have higher purity and are safer because of the extend-

ed purification steps. Combination of ethanol precipitation and chromatography 

allows production of wider range of pure plasma products. (Ala, et al., 1999) 

4.2.2  Cohn fractionation process description 

The case process is based partially on Finnish Red Cross Blood Service fractionation 

process presented by Leikola & Myllylä (1995). The case process involves the Cohn 

ethanol fractionation according to Leikola & Myllylä (1995). The case process does 

not involve the processing and purification of the actual plasma products and it has 

no Heparin-Sepharose chromatographic step for the AT-III separation. Detailed se-

quences of each procedure are based on the previous simulations that were pre-

pared according to standardized operating procedures of the Finnish Red Cross 

Blood Service Cohn fractionation process. A block diagram presentation of the Cohn 

process is shown in the Figure 4. 

 

 

Figure 4. Block diagram presentation of the Cohn process 
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The starting plasma pool consists of 1500 kg of plasma and it contains the total of 

90 kg of protein. The protein balance of the case process is based on the estimated 

protein balance of the Finnish Red Cross Blood Service Cohn fractionation process 

and is presented in the Figure 5 (Virkajärvi, 2016). The process starts with the pre-

conditioning where the plasma is carefully thawed by increasing the temperature 

from -30 °C to -5 °C. The plasma goes through cryoprecipitation where the tempera-

ture is kept below +2 °C and a cryoprecipitate, containing plasma proteins such as 

factor VIII, is formed. The cryoprecipitate is separated by centrifugation and is then 

transferred to a cryoprecipitate storage and factor VIII processing. The plasma that 

has gone through the cryoprecipitation is called cryo-free plasma. The cryo-free 

plasma is transferred to DEAE-Sephadex chromatography separation step where the 

plasma goes through series of chromatographic operations. The eluate from the 

chromatography is stored and moved to Factor-IX processing where coagulation 

factor IX is separated from the eluate. The Factor-IX depleted plasma is lead to the 

first Cohn-fraction separation where the plasma is precipitated in conditions of 8 

vol-% ethanol and pH 7.2. Centrifugation is used to separate the precipitate that is 

formed. The precipitate is discarded as waste. Fractions II and III are precipitated in 

the next step in conditions of 25 vol-% ethanol and pH 6.9. Centrifugation is used 

for the precipitate separation. The precipitate is transferred to IgG processing and 

the supernatant to fraction IV precipitation. In the fraction IV precipitation, the 

conditions of 40 vol-% ethanol and pH 5.9 are used and the precipitate is separated 

by filtration. The precipitate is discarded and the supernatant is transferred to the 

final ethanol precipitation stage. The conditions are 40 vol-% ethanol and pH 4.8. 

The precipitate, that contains the Human Serum Albumin (HSA), is separated by 

centrifugation and transferred to the purification process. The supernatant is trans-

ferred into the ethanol recovery process.  
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Figure 5 Protein balance of the Finnish Red Cross Blood Service Cohn fractionation 

process 

 

4.2.3  Ethanol recovery process description 

Ethanol is a major raw material in the fractionation process. Most of the ethanol 

consumed in the process can be recycled instead of discarding it. Some of the etha-

nol is lost in the protein fractions and displacement solutions in the process though 

the largest portion of the ethanol goes into the fraction V supernatant. Additionally, 

some ethanol is lost in the purification procedure. Ethanol recovery and purification 

is done by continuous distillation. This means that the distillation process has to be 

Starting plasma pool Starting plasma pool (kg)

g protein/kg 

plasma Total protein kg

100% from the starting material 1500 60 90

Cryofree plasma holding vessel Cryopaste storage - factor VIII

93.6% of the starting material 6.4 %. 5.8 kg protein - VW-factor

84.2 kg protein 90 % solids

DEAE-Sephadex separation Equilibrium solution

FIX free plasma holding vessel Eluate holding vessel  to FIX processing

84.2 kg protein < 0.1 kg protein

Fraction I precipitation

Fraction I supernatant Fraction I paste

90.8 _% of starting material 2.8 % of starting plasma

81.7 kg protein 2.5 kg protein

Fraction II and III precipitation

Fraction II and III supernatant Fraction II and III paste to IgG processing

63.6 % of starting material 27.1 % of starting plasma

57.3 kg protein 24.4 kg protein

Fraction IV precipitation

Fraction IV supernatant Fraction IV paste

49,1 % of starting material 14,5 % of starting plasma

44,2 kg protein 13,1 kg protein

Fraction V precipitation

Fraction V supernatant Fraction V paste to HSA processing

1,3 % of starting material 47,8 % of starting plasma

1,2 kg protein 43 kg protein

To ethanol recycle and recovery process
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coupled with the batch process recipe. The rate of the distillation has to be set ac-

cording to the size of the fraction V supernatant batch in order to prevent the mate-

rial accumulation into the storage. The target concentration of the recycled ethanol 

is 96 m-% and the distillation column has to be simulated accordingly in order to 

achieve the target concentration. The feed for the distillation is drawn from the 

fraction V supernatant storage and it is preheated with the bottom stream of the 

distillation in a heat exchanger. The preheated stream is distillated and the distillate 

is cooled to 20 °C and lead to a holding tank. From the holding tank, the distillate is 

transferred to the recycled ethanol storage where the ethanol is distributed back to 

the Cohn process. Block diagram of the ethanol recovery and purification process is 

presented in the Figure 6. 

 

 

Figure 6. Block diagram of the ethanol recovery process 

 

4.2.4  Albumin purification process description 

The albumin purification process utilizes fraction V paste as raw material in the pro-

duction of albumin concentrate product. The product was estimated to contain 200 

g/l protein. Packing size of 100 ml was used in the simulation though the packing 

size can vary from the assumed size in reality. The block diagram of the process is 

shown in the Figure 7. In the beginning of the process, 270 kg of paste is drawn 

from the storage. The material is then suspended with WFI in suspending tank. 

thereafter, the pH of the suspended mixture is adjusted to 4.8 with sodium-

hydroxide and the mixture is filtrated. The pH of the mixture is adjusted again to 5.8 
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and the mixture is filtered. The pH is once more adjusted to 7.2 by adding sodium-

hydroxide. The pH adjustment is followed by another filtration. The protein solution 

is concentrated in dia- and ultrafiltration. The concentrated solution is then filtrated 

and transferred to a formulation vessel. The solution is formulated by the addition 

of formulation chemicals and WFI in the vessel. The formulated solution is then bulk 

pasteurized. The bulk pasteurization is followed by filtration operations in order to 

purify further the solution before the filling. The solution is divided aseptically into 

100 ml vials. Vials are further pasteurized before they are transferred to quarantine 

storage.  

 

 

Figure 7. Block diagram of the Albumin purification process 

   

5  Batch process simulators available for the simulation 

Initially, the performance of the Intelligen software package was under considera-

tion for the simulation of the case processes. In addition to the simulation package, 

there were two other pieces of simulation software worth considering. The two 

proposed simulators were ProsDS, a dynamic process simulator, and Siemens Plant 

Simulation, a discrete event simulator. 
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5.1  Required properties of the batch process simulator 

A simulator needs to be able to schedule batch processes and to model bioprocess-

es. The modeling accuracy should focus on conceptual level because the projected 

main use of the simulator will consist of conceptual studies. The conceptual process 

design is often done in order to gather initial results regarding equipment sizing, 

utility consumption, and plant investment cost. The time available for conceptual 

study is often limited and rigorous process modeling is therefore restricted. Rigor-

ous unit operation models are not necessarily required for the simulator though 

shortcut models for bioprocessing equipment are needed at least. Additionally, the 

simulator needs to have a graphical user-interface that is easy to approach and to 

use. This feature is required to encourage designers with limited programming 

knowledge to use the software. Synergy with common office tools, such as MS Excel 

is needed in order to exploit simulation results easily. 

 

The main outcomes of the simulator should be batch scheduling capability, equip-

ment list, flowsheet generation and tracking of the utility and raw material con-

sumption. The simulator should be able to produce sufficient schedules that allow 

design and debottlenecking of single product batch process, including single- and 

multi-batch scheduling, as well as multiple product facility design. The output of the 

schedule must be available in the GANTT-chart and equipment occupancy chart 

form. Long term production scheduling or production planning is considered a fea-

ture that is not essential during the conceptual process design. Equipment list gen-

eration is considered important because it allows process complexity and invest-

ment cost to be evaluated. The process or recipe flowsheet is needed in the process 

visualization purposes. Additionally, equipment list is needed in MS excel format. 

The actual investment cost calculation tools in the simulator are not considered 

mandatory. Investment cost calculation can be done outside the software as long as 

the equipment list corresponds to the simulation flowsheet. The simulator needs to 

track down the utility consumption by solving the mass and energy balances. This 
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includes tracking down CIP and supportive processes such as solvent recovery and 

buffer solutions for the chromatography.  

 

Scale up/down properties of the simulation model should be included in the soft-

ware. The basic requirement for scale up/down is the ability to change the batch 

size as well as to change operation start times without redoing the whole model. 

Databanks of the simulator are expected to contain sufficient water and steam 

properties that allow calculation of energy balances. An additional feature that is 

needed is the ability for the user to expand data banks. It is considered beneficial if 

the data banks of the simulator already contain data about typical bioprocess com-

ponents and solvents. 

    

5.2  Description of the batch process simulators 

ProsDS is a dynamic process simulator that is used in the simulation of fully dynamic 

process models and automation models. The software is used for operator training 

purposes as well as for analysis of startup and shutdowns of continuous processes. 

The software has a graphical user-interface where different unit operation modules 

can be dragged into and connected accordingly. The simulator main users have 

been associated with the traditional chemical industry, and therefore the simulator 

lacks some of the unit operation models that are needed for simulation of the case 

processes. These models could probably be built into the software. The simulator 

does not have ready scheduling features that are associated with the representa-

tion of production recipes that required for the batch process design and debottle-

necking. Though the simulator can track down the dynamics of a batch process, it is 

probably too rigorous tool for representation of bioprocess recipes and for their 

conceptual design.  
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Siemens Plant Simulation tool is a discrete event simulation software. It is used in 

different applications such as production and logistics optimization. It can be used 

in order to schedule and debottleneck facilities as well as track down resource con-

sumption. The software is highly customizable and therefore allows different fea-

tures to be built and imported. The simulator lacks predefined unit operation mod-

els and therefore quite a lot of programming is needed in order to set up a simula-

tion model. The software could probably be used as a process design tool success-

fully but there is quite much work in order to build more user-friendly user-

interphase. Additionally, it was uncertain could fermentation be modeled in the 

software.  

 

Intelligen process simulation package is consisted of two separate pieces of soft-

ware. SuperPro Designer® is a batch process simulator designed for the needs of the 

bioprocess industry. The simulator has a graphical user interface where batch reci-

pes are made by dragging unit procedure blocks in place and scheduling their oper-

ations accordingly. SchedulePro® is scheduling software that utilizes recipes created 

in the SuperPro Designer®. The software package is intended to be used in biopro-

cess design and scheduling of batch processes.  

 

The properties of the described process simulators are presented in the Table 7. 

The table summarizes few features that were discussed. The Intelligen software 

package seems to have most of the features required for the case process simula-

tion. However, it lacks possibilities to customize or expand the simulator. Custom 

unit operation models, for example, cannot be set up. ProsDS and Siemens are 

more customizable and there are knowhow related to modifying these simulators 

within the Neste Jacobs. The named simulators require modification if they are to 

be used in bioprocess design. There is a possibility that the simulators would do 

better than the commercial simulation package after modification but there is a risk 

that the development of a sufficient tool takes too long or is too expensive.        
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Table 7. Properties of the described batch process simulators 

 
ProsDS Siemens 

Intelligen software 
package 

Type 
Dynamic process simu-

lator 
Discrete event simulator 

Batch process simulator 
and a scheduling tool 

Example 
uses 

Process optimization, 
Operator training 

simulator 

Logistics and production 
process optimization, 

Bioprocess design and 
scheduling 

Strengths 
Rigorous modeling, 

Customizable 
Customizable, optimiza-

tion possibilities 

has easy-to-use user-
interface, predefined 

bioprocess equipment 
models, Scheduling 

capability 

Weaknesses 

Lacks some biopro-
cessing unit operation 

models, Rigorous 
modeling 

Lacks predefined unit 
operation models 

Customizability 

Possibilities 
Useful bioprocess de-

sign tool is created 
Useful bioprocess de-

sign tool is created 

Useful bioprocess de-
sign tool is commis-

sioned 

Challenges 
Tool creation takes too 

long or is too expen-
sive 

Tool creation takes too 
long or is too expensive 

The tool is not sufficient 
enough for the bio pro-

cess design 

 

 

6  Simulation of the Enzyme manufacturing process 

6.1  Model creation 

SuperPro Designer® version 9.5 and SchedulePro® version 7.0 that were provided by 

Intelligen Inc. were utilized for the simulation of enzyme manufacturing process. 

The process simulation was begun with the SuperPro Designer by defining materials 

and their properties from the simulator’s database. The database did not contain all 

the materials that were required for the simulation. The properties of starch and 
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lactose had to be set manually. In the simulation, they were estimated with the 

properties of glucose provided by the simulator databank though correct molar 

masses and densities were used. The simulation in SuperPro Designer® works in a 

drag and drop principle where unit procedures can be dragged into position. Unit 

operations are called unit procedures and detailed sub operations of each proce-

dure are called operations in the SuperPro Designer®. Once a procedure is inserted 

into the flowsheet, input and intermediate streams can be set up to provide mate-

rial into the unit procedures. Output streams are used for the removal of material. 

Each unit procedure was assigned with operations, which make use of defined input 

streams, utilities and resources in a sequential order. Each procedure has prede-

fined operations that are available for the particular procedure. For example, opera-

tion ferment is only available in the fermenter unit procedures. Operations were 

scheduled according to predefined operation sequence with the software’s built-in 

scheduling logic in the simulation of enzyme manufacturing process by using the 

SuperPro Designer. The xylanase recipe was build first and the amylase recipe was 

build based on the xylanase recipe. The simulated flowsheet of the xylanase recipe 

is shown in the Appendix 2. The recipe flowsheet for amylase looks very similar to 

the xylanase recipe flowsheet.  

 

1 m3 and 10 m3 seed fermenters were built with the seed fermenter unit block of 

the simulator. The 100 m3 main fermenter was built with the fermenter unit proce-

dure. Two aeration streams containing air and ammonia were assigned for each 

fermenter. The operational sequences of the fermenters follow the one defined in 

the process description. The fermentation times were calculated with the kinetic 

parameters provided in the process description section of this thesis. The final fer-

mentation times were set by manually checking output flows of the fermenters and 

adjusting the fermentation times until most of the substrate was consumed. The 

fermentation times are presented in the Table 8. 
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Table 8. Fermentation times in the simulation 

Equipment Xylanase recipe  Amylase recipe 

1 m3 fermenter 28 h 28 h 

10 m3 fermenter 28 h 12 h 

100 m3 fermenter 144 h 72 h 

 

In addition to fermenters, air sterile filters and compressors were included in the 

simulation model because they have effect on the capital investment. Air compres-

sors are also major energy consumers in the process. Media preparation tanks were 

included in the simulation model. The media preparation was modeled with a batch 

vessel procedure, which pulls in specified raw materials from the respective storag-

es. The media preparation procedures for the two seed fermenters and the main 

fermenter are presented in the recipe flowsheet as separate vessels, however it 

should be clarified that all the procedures share the same vessel. The simulator rep-

resents recipe in a flowsheet form and therefore each vessel procedure is shown in 

it as a vessel. In reality however, a single vessel could potentially commit all the 

procedures. The feed preparation procedure for the main fermenter fed-batch op-

eration was also modeled with the vessel procedure block. Additionally, heat steri-

lizers were modeled with the simulators predefined sterilization procedure. CIP-

operations were modeled to contain pre rinse step, hot caustic recirculation step 

and a final water rinse step. Empty sterilizations were modeled with the simulator’s 

own SIP operation. Full sterilizations of the seed fermenters were modeled by com-

bining pressurizing, heating, holding and cooling operations.  

 

Downstream operations were simulated with simulator’s own unit procedure blocks 

according to the predefined operational sequence presented in the Appendix 1. 

Pressure filtration was simulated with a plate and frame filter procedure. The filter 
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operation was adjusted to remove all the filter aid and biomass. Ultrafiltration was 

simulated with the batch ultrafiltration and vessel procedures. The procedures were 

combined by scheduling their operations in the manner that a batch of non-

concentrated product was first transferred into the vessel and then recirculated 

between the ultrafilter and vessel until target concentration ratio was achieved. The 

product volume was decreased by 80 % of the initial liquid volume by concentra-

tion. The formulation of the final product was done with a batch vessel procedure. 

In the procedure, salt addition and water dilution were done with separate pull-in 

operations that draw material from the respective storage inventories. The formula-

tion was followed by a filling procedure where product was packed into one cubic 

meter containers.  

 

6.2  Scheduling 

The simulation of enzyme production process in the SuperPro Designer® resulted in 

two production recipes that could be inspected either separately in SuperPro De-

signer® or together in the SchedulePro®. GANTT charts for the enzyme production 

recipes were obtained from the SuperPro Designer® and they are presented below. 

GANTT chart of the xylanase recipe is presented in the Figure 8 and GANTT chart of 

the amylase recipe in the Figure 9. 

 

Batch and cycle times were determined for the recipes by the SuperPro Designer. 

For both recipes, the cycle time was equal to the length of the fermentation proce-

dure in the main production fermenter. Therefore, the main fermenter is the bot-

tleneck procedure for both processes. Batch time, which tells the batch duration, 

was 206 h for the amylase recipe and 297 h for the xylanase recipe.     
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Figure 8. GANTT chart of the xylanase manufacturing recipe 
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Figure 9. GANTT chart of the amylase manufacturing recipe 

 

Equipment occupancy chart (EOC) is a good tool for evaluating equipment occupan-

cy and batch process performance. EOC was created with the SchedulePro® for a 

production campaign where xylanase and amylase recipes were produced by turns 

in a single facility that has 100 m3 fermentation capacity. The EOC of the scheduled 

campaign is presented in the Figure 10. Form the figure, it can be seen that the 100 

m3 production fermenter is the process bottleneck during the created campaign 

because it has the highest utilization rate in EOC. Additionally, utilization rates of 

the other equipment can be evaluated from the EOC. From the EOC it can be seen 

that sterilizer procedures 1 and 2 could be possibly carried out by only one steriliz-

er. The sterilizer needed for the media sterilization has considerably higher capacity 

than the feed sterilizer does though and it is therefore unsure would the larger ster-

ilizer suit for the sterilization of the minor feed stream.  
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Figure 10. Equipment occupancy chart of the scheduled campaign with the 100 m3 

fermentation capacity.  

 

Another campaign where xylanase and amylase batches were produced in a single 

facility and the fermentation capacity was doubled was scheduled. The effect of the 

extra fermentation capacity was evaluated in this simulation. After the addition of 

required extra equipment in to the recipes and facility, the campaign was scheduled 

and an EOC was created. The EOC of the scheduled campaign is presented in the 

Figure 11. From the EOC it can be seen that the addition of extra fermenter and 

other required equipment reduces the time required for the execution of the cam-

paign. Additionally, it can be observed that the fermenters are still well utilized but 

the formulation tank produces a local bottleneck and prevents the startup of the 

second amylase fermentation in the first main fermenter during the day 18 of the 

schedule. 
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Figure 11. Equipment occupancy chart of the campaign with the 200 m3 fermenta-

tion capacity.  

6.2.1  Utility and power consumption 

Power consumption of the process was evaluated based on the major power con-

sumers, which are the agitator of the main production fermenter and the compres-

sor. The power consumption calculations are affected by the input values given to 

the simulator. The agitation power of the main fermenter was calculated based on 

the fermenter size and estimated value of 3 kW of agitation power per one cubic 

meter of fermentation broth was used. This resulted in approximately 300 kW agi-

tation power. The compressor power was calculated with 70 % efficiency and 5 bar 

pressure raise during 0.5 VVM aeration. The used parameters were the default val-

ues provided by the SuperPro Designer. The simulator calculated required power of 

the compressor to be 141 kW. The simulation results regarding to agitation power 

seem to be in the right order of magnitude with the used power estimation rate. 

The power requirement of the compressor seems a bit low. The power consump-
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tion profile for the campaign where amylase and xylanase recipes were run repeat-

edly in the facility utilizing single 100 m3 fermenter is shown in the Figure 12.  

 

Figure 12. Power duty during the campaign 

The cooling and heating requirements for the process were calculated based on the 

mass and energy balances. The biggest consumers of cooling water are fermenter 

cooling operations during the fermentation and after the equipment sterilization. 

Additionally, compressors and sterilizers are cooled during their operation. Chilled 

water is the cooling agent used for the fermenter cooling and cooling water was 

used for the cooling of sterilizers and compressors. The input temperature for the 

chilled water was specified to be 5 °C and output temperature 10 °C. The corre-

sponding temperatures for the cooling water utility were 25 °C and 30 °C. The con-

sumption of chilled water utility during the previously explained campaign where 

amylase and xylanase batches were run repeatedly in the facility utilizing 100 m3 

fermentation capacity is presented in the Figure 13 and the consumption of cooling 

water utility for the same case in the Figure 14. From the figures, it can be seen that 

the peak consumption of chilled water utility was approximately 55 tons/h. The 

peak consumption of cooling water utility was nearly 75 tons/h.  
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Figure 13. Consumption of the chilled water utility 

 

Figure 14. Consumption of the cooling water utility 

The largest steam consumers in the process are sterilization operations during the 

fermentation and sterilizer procedures. All the heating was done with SuperPro De-

signer default utility steam properties, which corresponds to 5 bar (a) steam. The 

consumption profile of the steam utility is shown in the Figure 15. The peak con-

sumption of steam can be seen from the consumption profile and it is 1050 kg/h. 
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However, the consumption profile is based on possibly arguable assumptions. For 

example, the amount of steam used during the empty sterilization of the main pro-

duction fermenter was calculated based on the estimated fermenter mass and heat 

loss calculations. Default parameters provided by the simulator for the sterilizer 

calculations were used. The sterilizer procedure calculates the required heating du-

ty based on the preheat temperature, which was 110 °C, and sterilizing temperature 

140 °C. Preheat temperature is the temperature where the fresh media/feed is 

heated with sterilized product. This may have resulted in a smaller heating duty 

than would be required in real process.  

 

Figure 15. Consumption profile of steam utility 

6.2.2  Fermentation simulation  

Fermentation can be simulated in a stoichiometric or kinetic fermentation proce-

dure in the SuperPro Designer®. The stoichiometric fermentation procedure calcu-

lates the outcome of the specified bioreaction based on the given reaction stoichi-

ometry and ignores the reaction kinetics. The kinetic fermentation procedure calcu-

lates the reaction extend in respect to time with kinetic parameters. The heat of the 

reaction can be specified based on the raw material consumed in the reaction. The 
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cooling duty required by the reaction is calculated in the energy balance, which in-

cludes the heat of reaction formed by the cell metabolism, heat caused by mixing 

and the reaction temperature specification and input stream temperatures. Su-

perPro Designer does not size the mixing power of the fermenter or take account 

the effect of different mixer power properties that affect the fermenter operation. 

The simulator suggests a default value of 3 kW/m3 liquid volume. The value can be 

changed and more accurate mixing power estimations during the fermentation 

have to be done outside the software. 

 

The kinetic fermentation procedure can track down three different substrates. This 

includes possible inhibition effects of a substrate or product. SuperPro Designer 

cannot take account different concentration regimes inside the fermenter and as-

sumes perfect mixing. In addition, the simulator ignores the effect of increasing 

fermentation broth viscosity, which affects the mixing efficiency and the substrate 

concentration profiles inside the fermenter during kinetic fermentation simulation. 

The simulator provides data from the fermenter simulation that can be plotted in 

MS Excel.  

 

6.2.3  Investment cost and equipment list  

The equipment list can be used as basis of plant investment cost calculations. Super 

Pro Designer generates an equipment list form the main process equipment. The 

purchase cost for the equipment is calculated based on the equipment sizes with 

cost data. The simulator supports custom cost data in power law form (equation 1 

in the literature section) or a fixed equipment price can be specified. The simulator 

can further evaluate the plant investment cost by using the total cost of the equip-

ment and multipliers. The CIP-skids, auxiliary equipment and storage units are not 

included in the equipment list even if they are sized and have to be manually added 

into the list. Additionally, the simulator does not calculate cost estimations for 

these equipment. They are taken into account by an additional multiplier, which can 
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be adjusted. SchedulePro® does not calculate any investment cost related data and 

process investment cost evaluation has to be done in the SuperPro Designer®. 

 

An equipment list representing the industrial enzyme process was created in the 

SuperPro Designer®. The main equipment of the process and their sizes and materi-

al choices are presented in the Table 9. The purchase cost for the equipment is cal-

culated with the simulator’s default costing data and therefore caution must be 

used when interpreting it. A relative cost column was added into the equipment list 

in order to visualize the effect the fermenters have in the total investment cost.  
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Table 9. Equipment list of the industrial enzyme process 

Name Type Units 
Size (Ca-

pacity) 
  

Material of 
Construction 

Purchase 
Cost 

(€/Unit) 

Relative 
cost 

Seed 1m
3
 

Seed Fer-
menter 

1 1,2   m
3
 SS316L 478000 

9,6 % 

Media Prep Blending Tank 1 55,4   m
3
 SS316L 280000 5,6 % 

Seed 10 m
3
 

Seed Fer-
menter 

1 12   m
3
 SS316L 666000 

13,4 % 

Compressor 
1 

Centrifugal 
Compressor 

1 5   kW SS316L 53000 

1,1 % 

Air Filter 1 Air Filter 1 10,5   m
3
/h SS316L 5000 0,1 % 

Air Filter 2 Air Filter 1 80,0   m3/h SS316L 5000 0,1 % 

Compressor 
2 

Centrifugal 
Compressor 

1 40   kW SS316L 53000 

1,1 % 

main 100 m
3
 Fermenter 1 110   m

3
 SS316L 1255000 25,2 % 

Sterilizer 1 Heat Sterilizer 1 6,50   m
3
/h SS316L 311000 6,2 % 

Sterilizer 2 Heat Sterilizer 1 0,33   m
3
/h SS316L 124000 2,5 % 

Holding tank Blending Tank 1 120   m
3
 SS316L 372000 7,5 % 

Cell separa-
tion 

Plate & Frame 
Filter 

2 79,0   m
2
 SS316L 185000 

3,7 % 

UF-feed Blending Tank 1 140   m
3
 SS316L 396000 8,0 % 

Ultrafiltration Ultrafilter 1 250   m
2
 SS316L 154000 3,1 % 

Formulation Blending Tank 1 31,6   m
3
 SS316L 236000 4,7 % 

Filler 1 Filler 1 4,75 
  enti-
ties/h 

SS316L 0 
0,0 % 

Feed prep. Blending Tank 1 44,4   m
3
 SS316L 261000 5,2 % 

Compressor 
3 

Centrifugal 
Compressor 

1 145   kW SS316L 140000 

2,8 % 

Air Filter 3 Air Filter 1 290   m
3
/h SS316L 5000 0,1 % 

 

Even though SuperPro Designer does not calculate the purchase cost of the storage 

and auxiliary equipment, they can be sized and are available in the SuperPro De-

signer and in the SchedulePro (Table 10). This also applies to material supply sys-

tems and CIP-skids. The investment cost of these equipment has to be assessed 

outside the software.  
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Table 10. Storage units of the industrial enzyme process 

Name Type Stored material Estimated capacity 

Glucose Raw material Glucose 30000 kg 

Ammonia Raw material Ammonia 25.00%, Water 75.00% 10000 kg 

Nutrients Raw material Nutrients 1000 kg 

NaOH Raw material NaOH (0.5 M) 17000 kg 

Lactose Raw material Lactose 2000 kg 

Biomass Waste Biomass 7000 kg 

Permeate Waste UF permeate 100000 kg 

Starch Raw material starch 4000 kg 

 

7  Simulation of the plasma fractionation process 

7.1  Simulation model construction 

SuperPro Designer® version 9.5 and SchedulePro® version 7.0 provided by Intelligen 

Inc. were utilized for the simulation of plasma fractionation process. The simulation 

of Cohn fractionation process was initiated by defining materials for the simulation 

in the SuperPro Designer®. The composition of the plasma was simplified for the 

simulation according to the protein balance presented in the process description 

section of this thesis in chapter 4.2.2. It was decided that protein fractions that are 

separated in the process were modeled as single components for the sake of sim-

plicity. It was a noted that simplification of this kind would probably work well for 

simulation of the Cohn fractionation because protein fractions are the main prod-

ucts of the process. On the other hand, the simplification would probably compli-

cate the possible simulation model expansion if the protein fraction purification 

were to be simulated later. The composition of the simulated plasma is presented in 

the Table 11. The properties of the protein fractions were specified according to 

default protein properties acquired from the SuperPro Designer® database. The rest 

of the materials used in the simulation were simulated by the default material 

properties provided by the database.  
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Table 11. Plasma composition used in the simulation 

Component kg / batch mass-composition 

Cryopaste 5,80 0,387 % 

Factor IX 1,20 0,080 % 

Fraction I paste 2,50 0,167 % 

Fraction II and III paste 24,4 1,63 % 

Fraction IV paste 13,1 0,873 % 

Fraction V paste 43,0 2,87 % 

WFI 1410 94,0 % 

Total 1500 100% 

 

The simulation model was built by using the simulator’s unit procedure blocks. A 

discrete entity stream was used in order to represent the transfer of the plasma 

bags before the actual fractionation process. Plasma pooling was represented by a 

discrete to bulk module procedure. The actual fractionation was implemented with 

vessel, batch reactor, centrifugation and filtration procedures according the pre-

sented process description. The operations for each procedure were set up and 

scheduled as defined in the process description in the chapter 4.2. Buffer prepara-

tions for the chromatographic column were simulated with batch vessel procedures 

together in the same simulation with the actual Cohn process. Ethanol recirculation 

and purification, which can be used in the Cohn process to reduce the amount of 

ethanol consumed, were simulated in a separate simulation. Input stream of the 

ethanol recirculation and purification simulation was initialized according to final 

supernatant stream of the fractionation simulation. Ethanol input streams of the 

Cohn fractionation simulation were initialized from the output ethanol stream of 

the ethanol purification simulation similarly. Auto-initialization of the respective 
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input streams allowed coupling of the different simulation recipes and ensured that 

correct material compositions and stream amounts were used in both simulations. 

The ethanol recovery and purification were built according to the process descrip-

tion presented in the chapter 4.2.3. The distillation simulation was setup by adjust-

ing column model parameters until the distillate contained approximately 96 % eth-

anol. NRTL VLE model was used and the simulation resulted in 23 ideal column 

stages and reflux ratio of 4.34. The bottom stream of the distillation column con-

tained approximately 1 % w/w ethanol. The capacity of the distillation column was 

set to correspond to size of the albumin process fraction V supernatant batch, 

which was 2533 kg, and cycle time of the Cohn process that was 23.5 h. This result-

ed in a distillation capacity of 133 kg/h.  

 

The albumin purification recipe was created in the SuperPro Designer®. The recipe 

was prepared according to the presented process description (chapter 4.2.4) by 

using unit procedure blocks of the simulator. 

7.2  Scheduling 

A production campaign for the fractionation facility was created in the Schedu-

lePro® by scheduling the recipes created in the SuperPro Designer®. The Cohn frac-

tionation recipe was scheduled together with the continuous distillation recipe 

while the albumin purification recipe was included in the combined schedule. The 

scheduling information of the Cohn fractionation and albumin purification process-

es are shown in the Table 12. The scheduling in SchedulePro was based on the as-

sumption where equipment turnover times were ignored or they were very short. 

The process throughput however would be affected many factors that would in-

crease the cycle and batch times in reality. Sterilizations and CIP, for example, have 

set-up and cooling times that were ignored. Additionally, manual operations can 

take longer than scheduled. The equipment occupancy chart of the combined 

schedule is presented in the Figure 16. From the EOC, it can be seen that the etha-

nol recovery by distillation starts after the final fractionation procedure of the first 
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Cohn batch. Inventory level of the ethanol storage unit during the production cam-

paign is presented in the Figure 17. It can be seen that the ethanol inventory de-

creases until the distillation is started. After the distillation is started, the level of 

the inventory stays relatively still though slowly decreasing until the last fractiona-

tion batch is finished. The distillation is stopped as soon as there is no more materi-

al in the intermediate storage. Finally, it can be seen that not all the ethanol was 

recycled and that the campaign consumed approximately 1500 kg of ethanol. If a 

longer campaign would be scheduled, the addition of fresh ethanol would be re-

quired to prevent the storage depletion. This can be done in the software by setting 

up a simple event based recipe. The recipe utilizes pump and fresh ethanol storage 

by moving the fresh ethanol into the ethanol storage as soon as the inventory of the 

recycled ethanol storage falls below certain limit. The level of the fraction V super-

natant storage is shown in the Figure 18. In the figure, it is shown how the level of 

the storage increases during the supernatant centrifugation in paste V separation 

procedure, while it decreases the rest of the time as the material is distillated.  

  

Table 12. Scheduling information of the Cohn fractionation and albumin purification 

recipes 

Recipe Batch time Cycle time Bottleneck 

Cohn fractionation 85 h 23.5 h Plasma prethawing 

Albumin purification 51 h 24 h Bulk pasteurization 
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Figure 16. Equipment occupancy chart of the human blood plasma fractionation 

case process  
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Figure 17. Inventory level of the ethanol storage unit during the production cam-

paign 

 

Figure 18. Level of the fraction V supernatant intermediate storage during the pro-

duction campaign 



     

68 

 

 

The Albumin purification process is started during the last fractionation procedure 

after there is enough fraction V paste in the intermediate storage to be fed into the 

Albumin purification process. The following albumin purification batches were 

scheduled to begin as soon as there was enough material in the intermediate stor-

age. The level of the fraction V paste intermediate storage is shown in the Figure 19. 

From the figure, the withdrawal of fraction V paste from the storage unit as well as 

new material provided by the Cohn fractionation recipe, are shown in respect to 

time.  

 

Figure 19. Inventory level of the Fraction V paste intermediate storage unit during 

the production campaign 
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7.3  Clean utility systems 

The evaluation of the combined utility consumption of the three recipes was done 

after the scheduling had been finished in the SchedulePro. The capacity of the raw 

material, waste and product storages were re-evaluated after the introduction of 

the albumin process into the simulation. The conceptual sizing of the water and 

steam systems was then started. This includes sizing of the WFI-system, PW system 

and pure steam system. WFI-system is consisted of two WFI loops and storages that 

are hold at different temperatures. Hot WFI is used mainly in cleaning whereas cold 

WFI is used directly in the production of the plasma products. Hot WFI is produced 

form the purified water by distillation and cold WFI is produced from the hot WFI by 

cooling. Purified water is used in washing and in other purposes in the plasma frac-

tionation facility. Purified water is prepared by reverse osmosis form the potable 

water. Pure steam is produced from the material provided from the hot WFI system 

by using plant steam. The supply strategy for the clean utilities is visualized in the 

Figure 20. 

Figure 20. Clean utility supply strategy 

 

Plasma process

WFI-hot Pure steam

Plant steam

WFI-cold

Purified water

Potable Water
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The sizing of the water utility systems was based on consumption profiles of the 

water utilities for the combined recipes. The method is based on the Super Pro De-

signer and SchedulePro® training material that is available in the website of the In-

telligen, Inc. The sizing of utility systems includes estimating the size of the storage 

unit, maximum supply capacity and the utility production rate. Consumption profile 

of the cold WFI was evaluated first because it is the outermost clean utility accord-

ing to presented clean utility supply strategy. The consumption profile of cold WFI is 

presented in the Figure 21. In the figure, red curve displays the instantaneous cold 

WFI consumption rate. This can be used to evaluate the size of the material distri-

bution system. The green curve represents 12 hour cumulative cold WFI demand. 

The highest cumulative peak demand can be used to size the water storage tank. 

The blue curve represents 12 hour average consumption of the cold WFI. The pro-

duction capacity of the cold WFI can be based on the highest average demand. The 

cold WFI supply system was sized according to this methodology resulting in storage 

capacity of 12000 kg WFI and production rate of 1000 kg/h of cold WFI. The ac-

quired numbers were entered into the specification window of the cold WFI supply 

system in the SchedulePro® in order to simulate the supply system. Additionally, it 

was specified that the cold WFI production begins or stops in respect to level of the 

supply system’s storage tank. The inventory level of the WFI storage tank is repre-

sented in the Figure 22. From the figure, it can be seen that the size of the water 

system could be evaluated with this method based on the water consumption pro-

file and the amount of WFI stays within the defined limits represented by the thick 

horizontal lines.   
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Figure 21. Consumption profile of the cold WFI.  

 

 

Figure 22. Inventory profile of the cold WFI 
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The sizing of the other clean water systems was done after the size of the cold WFI 

system was evaluated. Other clean water systems were sized by using the same 

method as presented earlier. However, the consumption of the outer water system 

had to be taken account in the sizing of the inner utility system. This can be taken 

into account by increasing the production rate of the inner system by the average 

withdraw rate required by the outer system. The sizing results of the clean water 

utility systems are shown in the Table 13.   

 

Table 13. Sizing results of the clean water systems 

  Storage unit size Production rate Distribution system 
peak capacity 

WFI-cold 12000 kg 1000 kg/h 4500 kg/h 

WFI-hot 25000 kg 3000 kg/h 8500 kg/h 

PW 21000 kg 4700 kg/h 8500 kg/h 

 

The capacity of the pure steam system was evaluated with the same method as 

presented earlier. The pure steam is produced from the material provided by the 

hot WFI system. The consumption profile of the pure steam is presented in the Fig-

ure 23. The instantaneous demand of the pure steam is 1000 kg/h and a buffer ca-

pacity for 24-hour cumulative consumption should be 2200 kg according to the fig-

ure. Additionally, the production rate of pure steam should be around 100 kg/h. 

SchedulePro cannot track down the heating utility required for the cooling or heat-

ing when material is transferred between the different material systems. 
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Figure 23. Consumption profile of pure steam 

 

7.3.1  Flowsheets and equipment 

Three recipe flowsheets were acquired from the simulation (see Appendix 3-5). The 

flowsheets represent the recipe used in the simulation. Therefore, the equipment 

blocks in the flowsheet represent procedures rather than equipment. The recipe 

representations can be useful during the drawing of the actual process flow diagram 

documents. Equipment lists for Cohn fractionation process, albumin purification 

and ethanol recovery processes were generated by using the SuperPro Designer® 

form the simulations (see. Appendix 6-8). The equipment lists can be useful during 

the process investment cost estimation. The equipment purchase cost estimates 

calculated by the simulator were not feasible and are therefore not presented.  
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8  Results and discussion 

Intelligen software package, containing SuperPro Designer® and SchedulePro® 

software, were used to simulate facilities producing multiple products in a single 

facility and multiple recipes coupled in a single facility. Different recipes were creat-

ed in the SuperPro Designer® and they were later utilized in the SchedulePro® to 

produce combined production campaigns in the enzyme manufacturing and human 

blood plasma fractionation case simulations. The approach where recipes were first 

created in SuperPro Designer® and then scheduled seems to work well enough for 

the simulation of multiproduct facilities. However, it might be quite laborious if the 

number of recipes is very high and the recipes are very similar. The creating of the 

recipes can be done in the SchedulePro® alone but the program does not match the 

mass and energy balances. SchedulePro® however has the required features for the 

creation of different product recipes and intermediate products if the material and 

energy balances are known. The stock keeping unit system of SchedulePro® allows 

large number of products to be simulated easily with a few recipes directly in the 

software. This would mean that the simulation would be built on the basis where 

different recipes utilize different stock keeping units. The enzyme manufacturing 

case, for example, could be built to contain separate upstream, downstream, and 

filling recipes that would utilize different stock keeping units that would represent 

different products and intermediates. 

 

The software package seems to work well in the scheduling of coupled processes 

and scheduling seems to be the biggest strength of the software package. Batch 

processes were scheduled in a production campaign that was connected to a con-

tinuous distillation recipe in the blood plasma fractionation case simulation. How-

ever, the different recipes had to be matched in the SuperPro Designer® and after 

everything was ready in the SuperPro Designer®, the recipes could be imported into 

the SchedulePro. There were still some adjustments such as intermediate storages 

and material supply systems that had to be modified for the recipes after the im-

port was complete. The consumption of different utilities and materials was then 
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available for the design purposes. Material and utility consumption profiles are also 

available in the SuperPro Designer® but combined utility and material consumption 

of multiple recipes during a production campaign has to be examined in Schedu-

lePro®. The simulation of clean utility systems had to be done in the SchedulePro®. 

The software allowed the layered structure of the clean utilities to be modeled. 

However it could not take account the required standard utilities such as steam that 

is required to heat the still during WFI manufacturing or cooling water required for 

the cold WFI manufacturing directly. The amount of standard utilities consumed for 

the production of clean utilities need to be taken account in a separate simulation 

or in a separate recipe.   

 

The actual modeling and recipe creation with the Super Pro Designer was rather 

simple. The basic unit procedure blocks needed in the simulation of the studied 

case processes were available in the simulator. The model modification was easy 

and the implementation of change is possible without much extra work. The data-

banks of the SuperPro Designer did not include very large collection of raw materi-

als. However, there is a possibility to add custom materials into the databanks and 

therefore they were sufficient for simulation. The recipe scale up could be done 

either by scaling up the whole process by a factor or by adding parallel equipment 

and by changing the equipment sizes.  

 

The economic aspects of the production recipes had to be investigated in the Su-

perPro Designer® individually for each recipe. SchedulePro® does have economical 

aspects related to operating cost of the facility but lacks evaluation tools for the 

calculation of the capital investment. SuperPro Designer® however offers also eco-

nomic evaluation tools. The plant investment cost and equipment list can be gener-

ated in excel form for a recipe. Cost structure and equipment cost models can be 

set into the simulation by the user. It is also possible to compare the economy of 

different process alternatives with the simulator’s profitability tools. The default 
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equipment list that the software generates is only consisted of the main process 

equipment even if the capacities of the storage and auxiliary equipment are known. 

Storage, auxiliary and other equipment have to be included manually into the 

equipment list. This is something that may encourage performing calculations re-

garding to capital investment outside of the software. 

 

SuperPro Designer is compatible with MS Excel and visual basic programming lan-

guage can be used to pick information from the SuperPro simulation files. Similarly, 

the SuperPro files can be run with the visual basic scripts. This allows sensitivity 

analysis to be done for the simulated process and broadens the possible uses of the 

simulator. This ability additionally allows more customized reports and lists to be 

created.    

 

It can be argued how well the simulated case processes reflect reality. For example 

scheduling in the plasma fractionation process is quite optimistic. The industrial 

enzyme case process is based on literature and assumptions. Therefore, the actual 

substrate concentrations in the fermentation are quite low. This propagates to low 

cooling duties and low product titers. There are some aspects that could be further 

discussed regarding to the scheduling and simulation results of the industrial en-

zyme process. It can be argued whether the model parameters for the sterilizers 

and compressors are correct, for example. Additionally, if a higher aeration rate 

would be used in the main fermenter, also the compressor size had to be increased. 

It can also be further discussed whether there is a need for three separate compres-

sors or could one compressor with increased capacity take care of all the gas com-

pression procedures.    
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9  Conclusion 

Commercial software package provided by Intelligen Inc. was used to simulate two 

case processes. The performance of the software was evaluated based on the simu-

lation procedure and results. Observed strength and weaknesses of the two pieces 

of software are presented in the Table 14. In general, it seems that the Intelligen 

simulation package is a capable tool for the needs of a conceptual process design in 

relation to of the equipment sizing, utility system quantification, scheduling and 

plant investment cost evaluation. However, the weakness of the package seems to 

be the fact that it is consisted of two separate pieces of software. SchedulePro® is 

an efficient tool for tracking material and utility consumption and scheduling of 

multiple recipes but it cannot match material and energy balances and does not 

have tools regarding capital investment or profitability calculations. On the other 

hand, batch process scheduling is mandatory also in the later stages of the design 

project and therefore the program probably has its uses as a pure scheduling tool. 

Super Pro designer, however, can be used for the design of batch processes and 

creation of recipes. Super Pro designer is however unable to model the dynamics 

between different recipes during a production campaign. This prevents the more 

detailed inspections of material and utility consumption of processes that are com-

posed of multiple sub-processes or recipes. SuperPro Designer® and SchedulePro® 

make a good package together but their separate use cannot be always recom-

mended for all the cases. SuperPro designer is a preferred tool for single batch pro-

cess development and inspection. SchedulePro® can be used to schedule and design 

large process compounds and multiproduct facilities if the material and energy bal-

ances are known. 
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Table 14. Observed strengths and weaknesses of the SuperPro Designer and Sched-

ulePro 

 SuperPro Designer SchedulePro 

Observed 

strengths 

+ Model creation is easy 

+ Single process scheduling 

+ Process design and equipment 

sizing by batch size 

+ Process debottlenecking 

+ Utility system design and capaci-

ty analysis 

+ Recipe creation is easy 

+ Dynamics between different reci-

pes and processes can be modeled 

+ Multiproduct facility production 

planning and debottlenecking 

+Utility consumption tracking and 

system quantification 

Observed 

weaknesses 

- Requires SchedulePro to model 

dynamics between different pro-

cesses and recipes 

-Cannot handle multiproduct facil-

ities 

-Default reports such as equip-

ment list are not are not very 

good 

- Equipment sizing, mass and energy 

balance calculations have to be done 

outside the software  

 

10  Recommendations  

SuperPro Designer and SchedulePro can be recommended for further testing and 

commissioning for the conceptual design of batch and bioprocesses based on the 

work done in this thesis. In the thesis, the conceptual process design problems in-

cluded mass and energy balance calculations, batch scheduling, utility system quan-

tification and capital cost evaluation according to the equipment list. SuperPro De-

signer and SchedulePro performed well or fairly when used together in all the men-

tioned aspects of the conceptual process design. The software package can be rec-

ommended for scheduling of multiproduct and purpose facilities for process design 

purposes. Additionally, it can be used track down the consumption of different 
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clean and standard utilities required for the bio and pharmaceutical processes. The 

properties regarding to equipment list generation and investment cost evaluation 

were not as good as the other mentioned properties of the software though there is 

a possibility to use visual basic scripts to enhance the equipment list output. It 

should be noted, however, that while the software package may suit for the men-

tioned aspects of the conceptual process design, it is unsure can the software be 

recommended for more detailed process design or other purposes based on the 

work done in this thesis. There is, for example, no possibility to add custom-made 

unit operation models or to modify the existing ones. Additionally, it would be in-

teresting to compare SuperPro Designer and SchedulePro with other commercial 

batch process simulators such as Aspen Batch Process Developer to see are there 

considerable differences in the performance between the different software. 
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 Appendix 1. Enzyme manufacturing sequence 

Fungal fermentation - Xylanase by T. Reesei

Bacterial fermentation-Amylase by Bacillus (secret species)

Inocolum

 1 l

CO2

1. Fill media 2h 1. Sterilization 5 h

Potable water 900 l Sterile steam Calculated Media / Feed ster.

Nutrients 1 kg Steam Calculated Steam calculated

Glucose 20 g/l 2. Cooling 5 h cooling water calculated

2. Sterilization 5 h cooling water Calculated

Sterile steam Calculated 3. Fill media 6 h

Steam Calculated Potable water 40 m3

3. Cooling 5 h Nutrients 40 kg

cooling water Calculated Glucose 20 g/l

1 g / l 4. Inocolum 1 h 4. Seed

seed 15 l seed 10 m3

5. Fermentation 24 h 5. Fermentation 24 h

CO2 air 1 VVM air 0,5 VVM 

NH3-water(25%) 20 kg NH3-water(25%) 2000 kg

cooling water Calculated cooling water Calculated

6. CIP 2 h 6. Feed 48 h

Potable water 1000l Lactose/starch 1750 kg

Nutrients 400 kg

Transfer1 h water 42000 m3

7. CIP 6 h

1. Fill 2h Potable water 5000l

Potable water 8000 l transfer 4 h

Nutrients 10 kg

Glucose 20 g/l Holding tank 1. Filter aid addition

2. Sterilization 5 h Filter aid 2,5 m3

Sterile steam Calculated cooling water calculated

Steam Calculated Transfer

3. Cooling 5 h 2. CIP 3 h

cooling water Calculated Potable water 1000l

4. Seed 1 h

seed 1 m3 Filtration

5. Fermentation 24 h Filter aid 2,5 kg

CO2 air 0,7 VVM CIP 3 h

NH3-water(25%) 200 kg Potable water 5000l

cooling water Calculated

6. CIP 4 h Cell and filter aid waste

Potable water 2000l ultrafiltration Concentration

20 % of starting volume

Transfer 1 h

Transfer  2 h Dedicated CIP 3 h

Potable water 3000l

transfer 1 h

retentate Permeate

Formulation Formulation and packingPacking

NaCl containers

Water CIP 3 h

Potable water 1000l

Product

10 m3 seed 

fermenter

1 m3 seed 

fermenter

100 m3 

fermenter

Pressure 

filter

Sterilization/sterilator
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Appendix 2. Recipe flowsheet of the enzyme manufacturing process 
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Appendix 3. Recipe flowsheet of the Cohn fractionation process 

 

 



  Appendix 4. 

 

Appendix 4. Flowsheet of the ethanol recovery process
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Appendix 5. Recipe flowsheet of the albumin purification process 
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Appendix 6. Cohn fractionation process equipment list 

Cohn frac-
tionation - 
Equipment             

Name Type Units 
Size (Capac-

ity) 
  

Material of Construction 

Thawing room 
Discrete Freeze-
Thaw Module 

1 1.84 m
3
 SS316L 

Cutting 
Discrete-To-Bulk 
Generic Box 

1 1 100 entities/h SS316L 

V-101 Blending Tank 1 1.71 m
3
 SS316L 

V-102 Blending Tank 1 1.68 m
3
 SS316L 

C-101 
PBA Chroma-
tography Col-
umn 

1 0.06 m
3
 SS316L 

Buffer prep 1 Blending Tank 1 0.08 m
3
 SS316L 

Buffer holding1 Blending Tank 1 0.08 m
3
 SS316L 

Buffer prep 2 Blending Tank 1 0.02 m
3
 SS316L 

Buffer holding2 Blending Tank 1 0.17 m
3
 SS316L 

R-101 Stirred Reactor 1 1.84 m
3
 SS316L 

Citric Acid 1 Blending Tank 1 0.02 m
3
 SS316L 

Bowl-001 Bowl Centrifuge 1 0.39 m
3
/h SS316L 

Bowl-002 Bowl Centrifuge 1 0.55 m
3
/h SS316L 

R-102 Stirred Reactor 1 2.26 m
3
 SS316L 

Bowl-003 Bowl Centrifuge 1 0.68 m
3
/h SS316L 

R-103 Stirred Reactor 1 2.79 m
3
 SS316L 

PFF-101 
Plate & Frame 
Filter 

1 3.54 m
2
 SS316L 

V-105 Blending Tank 1 0.39 m
3 

SS316L 

R-104 Stirred Reactor 1 3.47 m
3 

SS316L 

Bowl-004 Bowl Centrifuge 2 0.52 m
3
/h SS316L 

Citric Acid 2 Blending Tank 1 0.04 m
3
 SS316L 

V-103 Blending Tank 1 0.11 m
3
 SS316L 

V-104 Blending Tank 1 0.03 m
3
 SS316L 

Buffer prep3 Blending Tank 1 0.17 m
3
 SS316L 
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Appendix 7. Ethanol recovery process equipment list 

 

Ethanol 
Recovery - 
Equipment             

Name Type Units 
Size (Capac-

ity)   
Material of Construction 

Distill. feed Blending Tank 1 3.0 m
3
 SS316L 

HX-101 
Heat Ex-
changer 

1 0.07 m
2
 SS316L 

Distillate Blending Tank 1 1.3 m
3
 SS316L 

C-102 
Rigorous 
Distillation 
Column 

1 0.17 m
3
 SS316L 

HX-103 
Heat Ex-
changer 

1 3.0 m
2
 SS316L 
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Appendix 8. Albumin purification process equipment list 

Albumin 
purification 
process - 
Equipment 

            

Name Type Units 
Size (Capac-

ity)   
Material of Construction 

V-101 Blending Tank 1 0.74 m
3
 SS316L 

PFF-101 
Plate & Frame 
Filter 

1 2.21 m
2
 SS316L 

V-102 Blending Tank 1 0.84 m
3
 SS316L 

PFF-102 
Plate & Frame 
Filter 

1 2.51 m
2
 SS316L 

V-103 Blending Tank 1 0.93 m
3
 SS316L 

DF-101 Diafilter 1 13.75 m
2
 SS316L 

DE-101 
Dead-End 
Filter 

1 10.00 m
2
 SS316L 

PFF-103 
Plate & Frame 
Filter 

1 1.53 m
2
 SS316L 

DE-102 
Dead-End 
Filter 

1 10.00 m
2
 SS316L 

V-104 Blending Tank 1 0.43 m
3
 SS316L 

DE-103 
Dead-End 
Filter 

1 10.00 m
2
 SS316L 

Sterile filtration 
Dead-End 
Filter 

1 10.00 m
2
 SS316L 

V-105 Blending Tank 1 0.43 m
3
 SS316L 

FL-101 Filler 1 3200 entities/h SS316L 

DFT-101 
Discrete 
Freeze-Thaw 
Module 

5 0.10 m
3
 SS316L 

 


