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Introduction 

We are in the transition of a new industrial revolution- a revolution emerging from advancements 

in biotechnology. In the future, some believe biotechnology will provide us with the ability to 

produce the chemicals and chemicals we use daily, engineer microbes to break down plastics in 

landfills, our own cells can be programmed to cure diseases and much more. Bioprocessing is the 

production of a value-added material from a living source. The living source(cells) responds to its 

environment to give the desired product. Bioprocess involves bacteria, mammalian cells, fungi, 

plants, insects etc. The products that are manufactured from bioprocessing are the substances that 

the cell has naturally, or genetically altered and created from the cell (introduced by recombinant 

DNA technology) or the waste produced from the growth. We need to isolate the cell from a 

heterogeneous population to use in bioprocessing. The common products produced from 

Bioprocessing are biopharmaceuticals, food products, amino acids, enzymes, vitamins, dyes, 

steroids etc. Companies continue to shift to biological processes or develop novel bioproducts. The 

increase in bioprocess facilities also brings a variety of new hazards related to the process and 

production. There are many hazards and risks related to commercial bioprocessing. Process Safety 

incidents in these industries result in fatalities, injuries, facility damage, environmental impact, 

production loss, as well as a company’s reputation impact. This report focuses on processing 

technology, major applications of bioprocessing technology, collection and analysis of incidents 

that happened in the bioprocessing industry for root causes and lessons learned. 

Bioprocessing Technology 

The major processes that are involved in the production flow of bioprocessing are Fermentation, 

Recovery, and Purification. The scaling up of seed stock and the fermentation process is 



considered an upstream process, which occurs early in the process, while the rest is a downstream 

process. 

Fermentation 

Many of today’s biotechnology companies rely on fermentation to produce products. This process 

takes place in a bioreactor, providing the optimum environment for the reaction. The conditions 

are designed so that the yield of the product is optimized.  Based on the properties of the cell and 

the desired product, a cell is selected for the fermentation process. A cell needs nutritional products 

to grow, and they are provided by the media. Some cells are aerobic, and some cells are anaerobic. 

Aerobic cells need oxygen to grow, and Anaerobic cells do not need oxygen. Some of the industrial 

aerobic processes include citric acid production, production of Baker’s Yeast, production of 

Penicillin, and production of High Fructose Corn Syrup. Some of the industrial anaerobic 

bioprocesses include ethanol production, lactic acid production, and acetone-butanol production.  

A seed stock of selected cells is taken and put in a small quantity of media. When the cells consume 

most of the nutrients and the population is grown, they are moved into a larger vessel with more  

growth media and this process repeats until the quantity of cells is sufficien and they can be 

transferred into a production vessel. This production vessel is known as Bioreactor or Fermenter.   

Under a controlled environment and a sufficient amount of fresh media available, the cells grow 

to produce the desired product. If the cells are aerobic, the fermenter mixes the cells throughout 

the media evenly and supplies the oxygen required for growth.   

Key factors that need to be monitored include pH, temperature, dissolved oxygen, pressure, and 

nutrient levels. 

Input Output 
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Oxygen 
Carbon and energy source  
Nitrogen source 
Other Requirements (P, 
S, Na, K, Mg etc.) 

Carbon dioxide 
Biomass 
Metabolites 
Water 
Heat 

Table 1 Substrate Input and Output1 

Almost all bioprocesses follow the same growth pattern. The four phases of the growth pattern are 

Lag Phase, Transient Acceleration Phase, Log or Exponential Phase, Deceleration Phase, 

Stationary Phase, and Death Phase. The lag phase is the initial period in the cell population life in 

a bioreactor where the cells need time to adjust to the new 

environment. When the cells adapt to the new environment, they 

begin to grow slowly in the transient acceleration phase and then 

the cells divide by binary fission, and it creates exponential growth 

by doubling each generation. The deceleration phase follows the exponential phase. When the cells 

almost consume one or more essential nutrients in the media, toxic metabolic waste products build 

up, the growth declines, and the cells start dying. This phase is known as the deceleration phase. 

When the number of cells that are produced is equal to the number of cells that die, this phase is 

known as the stationary phase. The death phase is when the number of cells that die exceeds the 

number of cells produced.  

The different types of bioreactor processes are Batch process, Fed-Batch process, and Continuous 

process. In the batch process, the cells are inoculated into a fixed volume of media. The cells grow 

and accumulate in the fermenter as the nutrients are consumed. The fresh media is neither added 

nor the used media removed from the bioreactor. Hence the concentration of the nutrients 

decreases continuously. The batch process is mainly used for small quantities of production. 

Figure 1 Typical growth curve of a cell population4 
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Figure 2 Schematic representation of correlations between living cell concentration, dissolved oxygen, and limiting carbon source in batch operation.5 

In the Fed-Batch process, nutrient media is prepared and inoculated with the culture (cells) and 

then incubated for a particular time. During the course of incubation, a particular nutrient is added 

at intervals without removing the used-up media. Hence the volume of the culture increases 

continuously. Some nutrients are essential for the process but when these nutrients are provided in 

higher concentrations in the culture, they inhibit the growth of bacteria and ultimately stop the 

fermentation. Therefore, such nutrients are initially kept in lower concentrations and are slowly 

and continuously added during fermentation. Almost all the media’s nutrients are consumed at the 

stationary phase, the fermentation is stopped, and the broth is harvested. 

  

Figure 3a Fed-batch culture sketch6 

                

Figure 3b Schematic representation of correlations between living cell 
concentration, dissolved oxygen, and limiting carbon source in Fed-batch 

operation.5 
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The continuous process is also known as an open system of cultivation. Fresh sterile medium is 

continuously added to the vessel and the used-up media with cell culture is removed continuously 

at the same rate. The volume of bacterial density remains the same in the bioreactor. In this 

technique, bacteria grow continuously on their log phase and this type of growth is known as 

steady-state growth. The cell density in the continuous culture remains constant and it is achieved 

by maintaining constant dilution and flow rate. 

Characteristics Batch Process Fed-Batch Process Continuous Process 
Cultivation system Closed Semi-closed Open 
Addition of Fresh 
Nutrition No Yes Yes 

Volume of culture Constant Increases Constant 
Removal of Waste No No Yes 
Chance of contamination Minimum Intermediate Maximum 

Growth Phase Lag, log, stationary 
and decline phase 

Lag, log, stationary and 
decline phase Lag and log phase 

Log Phase Shorter Longer Longest and 
continuous 

Density of Bacteria Change with time Change with time Remain constant 
Product Yield Low Medium High 

Table 2 Comparison of Batch, Fed-batch, and Continuous Processes 

Recovery 

The final product of fermentation is called broth. Broth contains the molecule of interest. The two 

ways in which a product of interest is produced by the cells are Extracellular and Intracellular. 

Extracellular production is when the cell secretes the product of interest. Certain amino acids, 

enzymes, and monoclonal antibodies are produced by extracellular production. In this case, the 

cells are discarded at the beginning of separation and the medium is kept for further processing. 

Intracellular production is when the product of interest is produced by the cell and kept inside the 

cell. During the early stages of separation, the biomass is collected and then disrupted to release 

the product. The molecule is locked inside the host cell and millions of these host cells are 
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suspended in the pool of depleted media and metabolic waste products. Recovery processes 

commonly use a variety of operations, such as centrifuge, cell disrupters, and microfiltration to 

isolate the product. At this point, the process stream is referred to as “Clarified Lysate”. 

Purification 

A series of chromatographic steps with distinct modes of separation is used in the purification of 

a product. A column is a cylinder filled with glass, ceramic or polymeric beads (often called resins) 

which are engineered to interact with or bind with molecules based on one or more physical 

properties. Chromatography relies on differences. Each molecule has a unique set of physical 

characteristics such as size, charge, and extent of interaction with water. Chromatography uses 

these differences to separate the target protein from other proteins and chemicals. The most used 

chromatographers include: 

- Adsorption Chromatography which is based on the adsorption of solute molecules onto solid 

molecules. 

-  Size exclusion Chromatography in which some beads have small holes in them and can 

temporarily trap or at least slow down smaller molecules as they travel through the column of 

resin beads, while molecules too large to enter the pores move around the beads and exit the 

column first. 

- Ion-exchange Chromatography where opposites attract. So, a negatively charged 

chromatography bead will attract and bind to positively charged components in the process 

stream. Likewise, a positively charged resin bead will attract negatively charged components 

in the process stream. 

- Hydrophobic interaction Chromatography that separates molecules based on their 

hydrophobicity. Molecules that readily interact with and dissolve in water are called 
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hydrophilic(water-loving), while those that don’t are called hydrophobic(water-hating). 

Proteins contain regions that are hydrophobic and regions that are hydrophilic. Because water 

tends to form a shield around the hydrophobic patches within the proteins, they are exposed 

to interact with resin beads. By adding salt to the protein solution, we remove the water shield, 

exposing those hydrophobic patches on the protein and the resin so they can interact.  

- High-Pressure Liquid Chromatography which is based on general chromatographic principles 

where high pressure is applied to the packed column.  

Some Applications with Process Flow Diagrams 

Biopharmaceuticals: 

The medical drugs produced by the 

biotechnological process using 

molecular biology methods are called 

biopharmaceuticals. The protein is 

produced by the living organism in the 

upstream process whereas a series of 

purification steps are performed to 

meet certain purity specifications in the downstream process. 

Biodiesel: 

Vegetable oils, used cooking oils, yellow grease, or 

animal fats are used to produce biodiesel. 

Transesterification is used to convert fats and oils into 

Figure 4 General flowchart for biopharmaceuticals manufacturing10 

Figure 5 Schematic of Biodiesel production7 



biodiesel and glycerin (coproduct). In the presence of a catalyst, oil or fat is reacted with short-

chain alcohol to produce biodiesel and glycerin/ glycerol. 

Brewing: 

Beer is produced by steeping starch sources 

such as cereal grains, barley, millet, cassava, 

and sorghum in water and fermenting the 

resulting liquid with yeast. The processes 

involved are milling, mashing, lautering, 

boiling, whirlpooling, cooling, fermenting, 

maturing, filtering, and packing. 

Biosurfactant: 

Biological Surface-Active Agents are a 

diverse group of molecules. They contain a 

polar head and a non-polar head. Their 

structure makes them surface tension reducers. 

They are produced from microorganisms 

during biodegradation. They are capable of solubilizing hydrophobic substrates such as oils, 

antibiotics, hydrocarbons etc.  

Bioethanol:  

Bioethanol is a potential substitute for gasoline and can be used directly in vehicles or with a blend 

of gasoline. The first-generation (1G) bioethanol is produced from corn or sugarcane, and the 

second-generation (2G) bioethanol is produced from lignocellulose. Some examples of 

Figure 6 Flowchart of brewing process11 

Figure 7 Flowchart of Bacilli based biosurfactant bioprocess.12 
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lignocellulose biomass are cornstalks, switchgrass, wood, agricultural and forestry residues, 

herbaceous crops, wastepaper and paper products, food industry waste and municipal solid waste. 

Third-generation (3G) bioethanol is produced when algae are used as feedstock. The processes 

that are involved in the generation of biofuel include pretreatment, hydrolysis (except for sugar 

cane) and sugar conversion to bioethanol. 

    

     

Figure 8 Flowchart of bioethanol from materials containing a) starch b) lignocellulose c) sugar beet d) sugar cane.9  
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Database 

The first step in the analysis was the data collection of incidents that happened in the bioprocessing 

industry. The incidents were collected from the following sources. 

-Specific accident databases and sources such as the US CSB (US Chemical Safety and Hazard 

Investigation Board)14, eMARS (Major Accident Reporting System)15, ASM (Abnormal Situation 

Management)16, and OSHA (Occupational Safety and Health Administration)17.  

-Information that was reported on newspaper websites and on the web.  The database is clearly 

impacted by the reporting of incidents, likely only those that are newsworthy, resulted in fatalities 

or serious injuries, or significant property loss. 

The keywords bioprocess/bioindustry/bio was combined with one of the following keywords: 

“incident”, “explosion”, “fire”, and “accident”. The search was carried out by translating European 

languages. One shortcoming of this analysis and the related process safety research is the absence 

of a database of incidents. While the above-mentioned databases exist, they all have several 

shortcomings. None of the resources contains all the information that is required for the analysis. 

Identified 54 incidents based on this search. The collected incidents were segregated based on the 

type of industry, root cause, location etc. for the analysis. All the 54 collected incidents with details 

such as date of the incident, location where the incident occurred, root cause, fatalities and injuries 

are included in Appendix 1. 

 

 



 

 

 

Analysis: 

The distribution of incidents with time seemed important and is shown in Figure 10. The highest 

number of incidents was recorded in 2019 and 2022 with 6 incidents, followed by 2013, 2004, and 

2009 with 5, 4, and 4 incidents respectively. The incidents remained constant from 1990 to 2000 

with 1 incident each year. The bioprocess industries are growing and hence the incidents in recent 

times are more when compared to the 1990s. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Distribution of incidents with time 

 

 

Figure 9 Distribution of incidents with type of industry 

     

Figure 12 Distribution of incidents with location 

 

      

Figure 11 Distribution of incidents in the USA with time 

 



Distribution of incidents with type of industry is shown in Figure 9. Among the 54 incidents 

collected, the Biogas industry, Waste Treatment, and Ethanol Production industries have the 

highest number of incidents whereas the Research, Biodiesel and Food Products manufacturing 

have the lowest number of incidents. Per Figure 12, most of the incidents occurred in the United 

States and France while around 35% of the incidents occurred in Denmark, Germany, India, Italy 

and Brazil. Figure 11 shows the detailed study of  incidents that occurred in the United States with 

time. The incidents were constant from 2015 to 2019 and increased gradually from 2019 to 2021, 

but remain relatively low at a couple a year. 

The incidents were segregated based on the factors that caused the incident.  Most often, there 

might be many factors that contribute to an incident where some initiate the incident and others 

increase the severity of the incident. The 18 contributing factors are listed below: 

1. Safety Culture 

2. Hazard Awareness and Identification 

3. Process Hazard Analysis (PHA) 

4. Operating Procedures 

5. Work Permit System 

6. Personnel Training 

7. Mechanical Integrity 

8. Safeguards, Controls and Layers of Protection 

9. Preventive Maintenance 

10. Management of Change 

11. Contract Management 

12. Design 
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13. Human factors 

14. Facility Siting 

15. Pre-Startup Safety Review 

16. Regulations and Regulatory Oversight 

17. Natural Disaster 

18. Emergency Preparedness and response 

A detailed list with the definitions is available in the Journal of Loss Prevention in the Process 

Industries13. There are around 17 incidents that resulted in  Dust Explosions, with few additional 

details as to the true root cause(s).  Hence Dust Explosion is also considered one of the factors 

responsible for the incidents along with the other factors leading to a list of 19 factors.  

 

Figure 13 Distribution of incidents with factors causing the incident. 



Aa ahown in Figure 13, among all the categories, most of the incidents were caused by Hazard 

Awareness and Identification, and Dust Explosion. The root causes of the incidents that were not 

identified among the 18 categories and the Dust Explosion are mentioned in “Other” category. 

The analysis of the number of fatalities and injuries with location, type of industry, root cause and 

time are shown in Figures 14, 15, 16 and 17 respectively. The Biogas industry has the highest 

number of fatalities and Ethanol Production has the highest number of injuries. India, the USA, 

Mexico, and Germany have the highest number of fatalities, whereas the USA and Germany have 

the highest number of injuries. Hazard Awareness and Identification has contributed to the highest 

number of fatalities as well as injuries and most of the incidents in the dataset are caused by this 

same root cause. 2009 has the highest number of fatalities and 2017 and 2005 has the highest 

number of injuries. 

 

 

 

 

 

 

 

 

 

 

Figure 15 Distribution of fatalities and injuries with location 

 

Figure 14 Distribution of fatalities and injuries with type of industry 
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Figure 16 Distribution of fatalities and injuries with root cause 

 

 

Figure 17 Distribution of fatalities and injuries with time 

 



 

 

Figure 18 Fishbone diagram of major accident causes in bioprocessing industries. 

Bioprocess Safety Management Practices 

The exposure to risks and hazards present in bioprocessing industry operations establishes the 

rationale  for enhancing bioprocess safety. A facility must be well maintained and operated despite 

being well-designed to prevent accidents. To ensure all safety aspects, receive proper priority, a 

commitment to safety from all management levels is essential. Various bioprocess safety issues 

need to be studied during research, development, and manufacturing. Periodic inspections are to 

be done to ensure industry standards are followed. Emergency plans need to be developed to handle 

any incident. There are various tools available for identifying bioprocess safety hazards such as 

Material Safety Data Sheets (MSDS), incident learning, development reports, literature surveys, 

and laboratory data.  

Facility-specific risks should be analyzed based on identifying and understanding bioprocess 

hazards and the existing facility design. The risks need to be analyzed to have knowledge of 

bioprocess safety hazards and loss scenarios in the facility these hazard properties might lead to 
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and to determine if the existing safeguards are sufficient. This assessment should be done at each 

stage of development, facility design, alteration, or operation.  



 

Figure 19 Bioprocess Hazard Management Implementation Flowchart18 
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All the documentation needs to be retained or kept up to date during the lifetime of the entire 

facility. Communication and training are the two most important aspects in the management of 

hazards. All the employees and the contract workers must receive  safety training. All the operating 

personnel should have a complete idea of what might happen if the process is operated in the wrong 

way or if certain materials are mixed. The established instructions should be followed by all the 

personnel operating in the bioprocessing site.  

All the near misses and incidents involving bioprocess safety need to be reported and investigated. 

The root cause should be documented, and corrective action should be taken and documented. All 

the lessons learnt should be documented and communicated to avoid future accidents.  

The essential means of improving the process safety management system continuously is to make 

use of all the below elements: 

• Employee input, 

• Active monitoring,  

• Periodic reviews, 

• Management of change,  

• Audits or assessments of several types, and 

• Keeping abreast of new technology. 

A risk-based strategy recognizes that all hazards and risks in a facility are not equal. Using the 

same type of practice to manage every hazard is inefficient. Allocating resources that focus on 

higher risks and greater hazards allows a facility to prevent allocating more resources to lower 

risks, thereby freeing resources with tasks with higher risk exposure. While developing or revising 
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any process, the best approach to establish bioprocess safety is to involve the stakeholders in each 

step. 

Conclusion 

The bioprocessing industry is experiencing fast growth worldwide. Companies continue to shift to 

biological processes or develop novel bioproducts. The increase in bioprocess facilities also brings 

a variety of new hazards related to the process and production. The number of accidents occurring 

in this industry is also growing fast. Several lessons should be learnt from these accidents. A proper 

accident reporting system should be maintained. Most of the accidents are caused by Hazard 

Awareness and Identification, and Dust Explosions. This should be improved by incorporating 

process safety measures followed in other industries and by following a proper process safety 

management system. 

Steps Forward 
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Appendix 1 Dataset considered for the analysis 

S.No
. 

Date of 
Inciden

t 

Locatio
n 

Type of 
Industry 

Fatalitie
s 

Injurie
s Root Cause Reference

s 

1 2016 France Biogas 0 0 

Mechanical 
Integrity, 

Preventive 
Maintenance 

55 

2 2013 India Biogas 2 1 

Operating 
Procedures, 
Work Permit 
Syste, Hazard 
Awareness and 
Identification

m 

20 

3 2009 Mexico 
Waste 

Treatmen
t 

6 3 

Personnel 
Training, 
Operating 

Procedures, 
Hazard 

Awareness and 
Identification 

19 

4 2009 India Biogas 4 3 

Pre-Startup 
Safety Review, 
Work Permit 

System, 
Hazard 

Awareness and 
Identification 

19 

5 2007 Germany Biogas 0 2 

Hazard 
Awareness and 
Identification, 

Personnel 
Training 

19 

 

 

 



S.No. Date of 
Incident Location Type of 

Industry Fatalities Injuries Root Cause References 

6 2006 Germany Biogas 0 0 Mechanical 
Integrity 19 

7 2005 Germany Waste 
Treatment 4 13 

Personnel 
Training, 
Hazard 

Awareness 
and 

Identification 

19 

8 2004 USA Biogas 0 0 

Hazard 
Awareness 

and 
Identification, 
Safeguards, 

Controls and 
Layers of 
Protection 

19 

9 2001 Japan Other 0 0 

Safety 
Culture, 
Hazard 

Awareness 
and 

Identification 

21 

10 2009 UK Biogas 1 0 

Operating 
Procedures, 

Hazard 
Awareness 

and 
Identification, 

Personnel 
Training 

19 

 

 



S.No
. 

Date of 
Incident 

Locati
on 

Type of 
Industry 

Fataliti
es 

Injuri
es Root Cause References 

11 1998 Italy Biogas 1 1 

Operating 
Procedures, 

Hazard 
Awareness 

and 
Identificatio
n, Personnel 

Training 

19 

12 2006 Finland Other 0 0 

Hazard 
Awareness 

and 
Identificatio

n 

22 

13 2019 USA Ethanol 
Production 0 2 Dust 

Explosion 23 

14 2018 USA Ethanol 
Production 0 0 Dust 

Explosion 25 

15 2021 USA Ethanol 
Production 0 2 Dust 

Explosion 24 

16 2022 USA Ethanol 
Production 0 2 Dust 

Explosion 26 

17 2022 USA Ethanol 
Production 0 0 Dust 

Explosion 27 

18 2017 USA 
Food Products 
Manufacturin

g 
5 14 Dust 

Explosion 28 

19 2015 Denma
rk 

Waste 
Treatment 0 2 

Hazard 
Awareness 

and 
Identificatio
n, Personnel 

Training 

29 



S.N
o 

Date 
of 

Incide
nt 

Location Type of 
Industry 

Fatalitie
s 

Injuri
es 

Root 
Cause 

Referen
ces 

20 2019 India Biopharmaceuti
cals 3 0 

Safety 
Culture, 

Operating 
Procedures, 
Personnel 
Training  

30 

21 2002 Germany Waste 
Treatment 1 0 

Operating 
Procedures, 
Personnel 
Training, 
Hazard 

Awareness 
and 

Identificati
on  

31 

22 1997 Italy Biogas 2 1 
Work 
Permit 
System 

19 

23 2013 Czech 
Republic Biogas 1 0 

Hazard 
Awareness 

and 
Identificati

on, 
Personnel 
Training 

32 

24 1999 France Wood Pellet 
Production. 0 0 

Dust 
Explosion, 

Process 
Hazard 

Analysis 
(PHA) 

19 

25 2007 France Biodiesel 0 0 Operating 
Procedures 33 

26 2022 USA Ethanol 
Production 0 0 Dust 

Explosion 34 

27 2014 USA Ethanol 
Production 0 0 Dust 

Explosion 35 



 

S.No. Date of 
Incident Location Type of 

Industry Fatalities Injuries Root Cause References 

28 2014 USA Ethanol 
Production 0 0 

Preventive 
Maintenance, 
Mechanical 

Integrity 

36 

29 1990 Denmark Waste 
Treatment 0 4 

Safeguards, 
Controls and 

Layers of 
Protection, 

Hazard 
Awareness 

and 
Identification 

37 

30 2005 Denmark Biogas 0 0 

Work Permit 
System, 
Hazard 

Awareness 
and 

Identification 

37 

31 2002 Denmark 
Wood 
Pellet 

Production. 
0 1 

Dust 
Explosion, 

Hazard 
Awareness 

and 
Identification 

37 

32 2010 Denmark 
Wood 
Pellet 

Production. 
1 1 

Dust 
Explosion, 

Hazard 
Awareness 

and 
Identification 

37 

 

 



S.No
. 

Date of 
Inciden

t 

Locatio
n 

Type of 
Industry 

Fatalitie
s 

Injurie
s 

Root 
Cause 

Referenc
es 

33 2012 Denmar
k Other 0 1 

Dust 
Explosion, 

Hazard 
Awareness 

and 
Identificatio

n 

37 

34 2009 German
y Biogas 1 2 Other 38 

35 2014 USA Biopharmaceutic
als 0 2 

Hazard 
Awareness 

and 
Identificatio

n 

39 

36 2015 USA Ethanol 
Production 1 1 

Hazard 
Awareness 

and 
Identificatio

n 

41 

37 2013 France Waste Treatment 0 0 Other 40 

38 2012 France Other 0 0 
Preventive 
Maintenanc

e 
42 

39 2013 France Waste Treatment 0 0 
Preventive 
Maintenanc

e 
42 

40 2019 France Biogas 0 0 
Preventive 
Maintenanc

e 
43 

41 2019 France Waste Treatment     

Mechanical 
Integrity, 

Preventive 
Maintenanc

e 

43 

 

 



 

S.No. Date of 
Incident Location Type of 

Industry Fatalities Injuries Root Cause References 

50 2019 Russia Research 0 1 Other 50 

51 2022 USA Grain 
Processing 0 0 Dust 

Explosion 51 

52 2022 Germany Biogas 0 0 Dust 
Explosion 52 

53 2021 Brazil Grain 
Processing 0 0 Dust 

Explosion 53 

54 2021 USA Grain 
Processing 0 1 

Work Permit 
System, Work 

Permit 
System, 
Hazard 

Awareness 
and 

Identification 

54 

 

Appendix 2 Some industrial fermentation processes1 

Product Microorganism 

Citric Acid A. niger 

Ethanol S. cerevisae 

Glutamate C. glutamicum 

Lactic Acid Lactobacillus sp. 

Lysine C. glutamicum 

 



Appendix 3 Major applications of bioprocessing industry1 

Period Application 
Pre-1940s • Baker’s Yeast 

• Solvents (methanol, ethanol, propanol, butanol etc.) 
• Organic acids (citric, lactic, gluconic, itaconic etc.) 
• Amino acids 
• Beverage 

Pre-1980s • Probiotics 
• Antibiotics 
• Enzymes 
• Biopolymers 
• Vaccine 
• Biosurfactants 

Post-1980s • Biopharmaceuticals 
• Recombinant Proteins (somatostatin, Interferon-α, 

Interferon -β, Coagulation factor VII, Coagulation factor 
IX etc.) 

• Mab (Monoclonal antibodies) trastuzumab (Herceptin), 
pertuzumab (Perjeta), bevacizumab (Avastin), rituximab 
(Mabthera) etc.) 

• Plant Bioactive compounds (carotenoids, flavonoids, 
carnitine, choline, coenzyme Q, dithiolthiones, 
phytosterols, phytoestrogens, glucosinolates, polyphenols, 
and taurine 6+ etc.) 

• Biodiesels 
• Lab-grown meat 
• Agriculture 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

  


