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Executive summary 

For millions of years, a range of microorganisms have survived and evolved to change simple 

sugars like glucose and xylose into alcohol. Both fungi and bacteria are capable of undertaking 

such biochemical processes1. Around 10,000 years ago, humans through trial and error 

discovered the fermentation process when grains like barley and wheat sprouted and the liquid 

left over that cause the sprouting, absorbed some of the sugars released form the grains, and 

wild yeast changed the sugars to alcohol. It wasn’t until the 1800’s that we began to understand 

the science behind this process, but from those very early days of brewing with grains or 

fermenting grapes, societies have developed and major fermentation industries have been 

established.  

It is typically thought that fermentation is used only in the production of alcohol for human 

consumption, but the same fermentation process, i.e., a series of natural biochemical 

processes, can also be used in the production of industrial ethanol (bioethanol). Bioethanol is 

produced from various sources of plant and wood materials or byproducts from industrial 

processing of these materials, using the normal fermentation process.  

The use of such fermentation process is one way to reduce human dependance on fossil fuels as 

well as upcycle waste streams from industrial processing of organic materials.   

 

 

  

 
1 Biochemical processes occur within living organisms and cells and involve the alteration of biomolecules – 
in fermentation, the conversion/transformation of sugars to ethanol.  These types of processes can generally 
be referred to as metabolism.  There are many examples of biochemical processes that occur in nature and 
within the human body.  Examples other than fermentation include digestion and photosynthesis. 



History of fermentation 

Alcohol, and specifically ethanol, is produced from the biochemical (enzymic) modification of 

sugar by several species. Typically, ethanol is produced by fungi and bacteria.  

Pre-cursors of fermented beverages 

This natural process, that has been going on for tens of thousands of years, could be witnessed 

where ripe fruit will drop to the ground, and wild fungi will inoculate the open fruit and convert 

the sugars into alcohol. Animals would eat the sweet fruits with trace amounts of alcohol and 

get a good feeling from the low volume of alcohol produced. Our ancestors followed suit in 

eating these fermented fruits from the ground and enjoyed the residual sweetness but also 

feeling the effects of alcohol.  

Fermented beverages 

Possibly, the very earliest fermented beverage was mead, where honey may have dripped from 

a hive onto the ground. The simple sugars in honey, (sucrose, fructose and glucose) are highly 

fermentable by fungi and a natural fermentation would have occurred. Animals and our human 

ancestor would have consumed this and found it very flavorsome with some nice side-effects. 

Over time, humans worked out a way to control this ‘fermentation’ process so they had a 

readily available supply of mead.  

The next alcoholic beverage created by nature was beer. Around 10,000 years ago, in the now 

Middle East, people started to farm the cereal grains, barley and wheat, for food production. It 

is thought that some harvested grains got wet, and started to germinate. The natural enzymes 

in the germinating grains, the same enzymes that help grains germinate when a farmer plants 

seed for a new crop such as corn, hydrolyze starch (long polymers of glucose), into small chains 

forming the simple sugars, glucose and maltose (glucose + glucose), which are readily 

fermentable by fungi. Over the millennia, humans industrialized the brewing process to be the 

global multibillion dollar industry it is today.  

The final major fermented beverage created by nature was wine, where wild grapes would have 

also split open on the vine or dropped to the ground when ripe, and the natural sugars (glucose 

and fructose) in grapes were converted to alcohol. Humans domesticated grapes, like the 

cereals, to making these fermented beverages a key part of life, with harvest celebrations, 

worshipping the ancient gods, as well as the very first taxation systems being based on alcohol 

production.  

Fermentation in the human body 



For a very small number of people, they go through the fermentation process and naturally 

produce alcohol in their bodies. This rare condition is called Auto-brewery syndrome, where gut 

bacteria produce the same alcohol (ethanol) as per a normal beer, or wine fermentation. 

Ethanol is also the reason civilizations grew in regions with extreme population growth as the 

alcohol consumed allowed humans to survive the quality of toxic water supplies, prior to having 

any water treatment facilities. 

Discovery of the fermentation process 

Despite productive industrialized alcohol processes growing in different societies globally, there 

was no understanding of this mystical, and magical conversion of the content of the fruit, or of 

the water used in germinating grains, into better tasting, safer and mind-altering products. It 

wasn’t until the 1800s, through the efforts of scientists working at breweries, that alcohol was 

characterized.  

It was also discovered what was responsible for this change from sugar to alcohol. In the 1700s, 

using one of the first microscopes, an ‘animal’ was first identified in a beer sample. This ‘animal’ 

was a wild yeast (fungus). Thus, our understanding of this very natural process of turning sugar 

into alcohol was born. From this study, researchers (Louis Pasteur and Emil Hansen) at Carlsberg 

Research Laboratory in Denmark in the 1800s purified the first beer yeast strain as well as 

identified the first spoilage bacteria.  

Many 1000’s of different type of fungi can carry out this natural fermentation process. But, for 

most alcohol beverages (and for bioethanol), we use yeast. For sour beer and kombucha, we 

use yeast and bacteria.  For fermented food, such as sauerkraut, specific strains of bacteria can 

be used. For sour dough breads, it would be a mix of yeast and bacteria.   

A recent article describes the value of yeast alone to the global economy is worth around $900 

billion. The screen shot below gives the key industries benefiting from our fungal friends.  

One important point is that the bioethanol industry, like the alcoholic beverage industry, uses 

yeasts to convert starch from grains, and sugars from plant and wood materials to bioethanol.  

 



 

Relationship between bacteria and yeast 

It is also important to understand the relationship between bacteria and yeast because some 

industries, like bioethanol, use only yeasts, some use bacteria, and some used mixed cultures of 

both. The figure below (Figure 1) shows the family tree of life.  

Fungi, which includes yeasts, are in between plant species and animal species. Whereas, 

bacteria are not so related.  

However, of specific interest are some common genes amongst all these different life forms. An 

example is a key enzyme, alpha-amylase, which is responsible for hydrolysis starch into its 

simple glucose units.  It is present in plants, grains, and animals including humans (saliva and 

pancreas). Another example is alpha glucosidase, which is also involved in hydrolyzing starch in 

germination seeds and also used by fungi to break down maltose (glucose + glucose) from 

starch into two glucose molecules, which become of the first sugars required in the production 

of ethanol in any alcohol production.  

 

 



 

Figure 1. The tree of life. 

 

As mentioned previously, there are 1000s of different fungi and each have different 

characteristics including different tolerances to ethanol production. The table below shows the 

different fungal species, including the most common in ethanol production, Saccharomyces 

cerevisiae.  

 

 



 

Conversion of sugars to ethanol 

As mentioned several times above, the fermentation process is a natural process where a sugar 

is converted to ethanol.  

This ‘conversion’ is a simplified way of saying, the structure of the sugar is changed into a new 

structure, making it an alcohol (see Figures 2, 3, 4 & 5).  

This multiple step conversion (Figure 4) is controlled by specific natural proteins, namely 

enzymes. What are the mechanics of this conversion? The simplest analysis is a lock and key 

mechanism. You require a specific key (enzyme) to open (modify) the lock (specific substrate). 

The stepwise glycolysis process follows foundational biochemistry, where the substrate (a sugar) 

is changed over several steps by different enzymes into a new chemical structure. The final 

structure being an ethanol molecule.  

Details of the fermentation process to convert sugars to alcohol 

Regardless of the type of sugar, the same metabolic pathway converts that sugar to alcohol and 

CO2. Figure 2 shows the different types of sugars and their assimilation into a yeast cell for beer 

fermentation. For a simple monosaccharide sugar like glucose or fructose, the transport into the 

cell is straight forward. But for disaccharides, like sucrose and maltose, then an enzyme splits 

the disaccharide into the two base units before these are transported into the cell.   

 



 

Figure 2. Transport of different sugar molecules into a yeast cell. From Scientific Principles of 

Malting and Brewing (Bamforth & Fox (2023)). 

 

 

Figure 3. Different pathways within the yeast cell.  

 



Figure 4 shows the structure of sucrose, the most abundant sugar in plants. Sucrose is made of 

two other monosaccharides, glucose and fructose. During the growth of the plant, sucrose is 

made, split into glucose and fructose and then remade during the daily diurnal cycle (light/dark 

or day/night) as these sugars are used in other metabolic processes. Other plant sugars are used 

in different metabolic process such as xylose which is used in building cell walls of plants.  

In a liquid matrix where there are different sugars, yeast have a preference of sugars so they 

metabolism sugars in specific orders, i.e., monosaccharides (one sugar) before disaccharides 

(two bonded sugars). The three examples provided show glucose and fructose being converted 

to pyruvate via the glycolysis process or the Embden Meyerhof-Parnas (EMP) pathway (Figure 

5).  Pyruvate is important because it is the first step for several pathways to ethanol, depending 

upon fermentation conditions.  

Pyruvate conversion during fermentation 

For alcohol production, pyruvate is enzymically changed in two steps to acetaldehyde, then 

ethanol (Figure 6). The overall mass balance from one sugar molecule is two molecules of 

ethanol and two molecules of CO2.  

Pyruvate is also the molecule used in other fermentation conversions, but these are dictated by 

the amount of oxygen available or of another organisms involved in the process. More relatable 

examples of pyruvate being converted into other molecules from the natural glycolysis process 

are the production or sour bread or yogurt. In these cases, pyruvate is converted to lactate 

(lactic acid) via a single enzymic reaction (lactate dehydrogenase). This is called lactic acid 

fermentation.  

To bring another example, which almost very human can relate to when exercising, is sore 

muscles. Under aerobic conditions when exercising, you have a lot of air (oxygen) coming into 

your cells via blood transport, and you can exercise for a long time. However, when you start to 

run out of air through intense exercise, your system goes anaerobic (low oxygen), then your 

body converts pyruvate to lactic acid. Your muscles are crying out for relief. Only when you 

regain your normal breathing then you reduced the production of lactic acid from pyruvate.  

 

 

 



 

Figure 4. The structure of sucrose, glucose and fructose. From Scientific Principles of Malting 

and Brewing (Bamforth & Fox (2023)). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Enzymic conversion of glucose and fructose to pyruvate. Modified from Figure 15.8 in 

Scientific Principles of malting and Brewing (Bamforth & Fox (2023)).  

The C on the left of the Figure 5 indicates the number of carbons in each molecule, e.g., 

pyruvate is a 3 carbon molecule (C3).  Additionally, the changes in ATP (adenosine triphosphate), 

and ADP (adenosine diphosphate) shown in Figure 5 show the change in energy for the specific 

enzyme reactions.   



 

 

 

 

 

 

 

Figure 6. Enzymic conversion of pyruvate to ethanol.  

Conversion of C5 sugars 

The enzymic pathway for converting a C5 molecule like xylose to ethanol involves several steps 

prior to the last 9 steps of the EMP pathway. Not all yeasts are capable of doing this; so, specific 

yeast strains are required for the conversion of C5 sugars into ethanol. Figure 7 shows the more 

complex pathway for the natural conversion of the C5 sugar xylose to pyruvate, then pyruvate 

conversion to ethanol follows the same steps shown in Figure 6.  

 



 

Figure 7. The natural enzymic conversion of the five carbon sugar, xylose, to pyruvate following 

the pentose phosphate pathway, then the Embden Meyerhof-Parnas pathway. Pyruvate is 

converted to ethanol as per the normal acetaldehyde steps.   

 

 



 

Conclusion 

The production of alcohol from sugars is a natural molecular conversion process, regardless of 

the source of sugars or the end product. In recent decades, there have been specific industrial 

processes successfully established to use specific plant materials for the production of 

bioethanol. These processes use plant materials, with the addition of specific yeast strains to 

produce alcohol through the natural fermentation process under controlled conditions.  

 



Marlin & Barrel Distillery 
 
A prefacing comment; at the Federal level we are primarily regulated by the Trade & Tax 
Bureau (TTB).  This is the governing agency that authorizes all distillation plants in the nation.   
 
Distillation & Fermentation 
 
I tell anyone who’s toured our facility that most people think that still make alcohol.  That’s a 
misnomer.  All alcohol is made through the process of fermentation.  This is true for beer, wine 
and distilled spirits.  The still is simply an extraction tool. 
 
Fermentation  
 
Fermentation starts with a sugar source.  Sugar is a generic term, but for simplicity’s sake, any 
fermentable sugar is the basis for alcohol.  A ferment is the combination of sugar, water and 
the necessary ingredients to create a healthy environment for yeast.  Yeast are added to a 
ferment as the last step and, at first, they will propagate.  That activity lasts until the right 
oxygen depleted anaerobic conditions occur.  At that point the yeast find sugar molecules and 
break sugar into C02 (which escapes the tank) and ethyl alcohol.  That lasts until all sugars have 
been consumed.   
 
This is a natural biological process and actually happens in the wild in  a large number of 
instances.  For example, rum made in Caribbean islands once controlled by the French still 
follow their original process.  The juice of sugar cane is fresh pressed and immediately will see 
wild yeast begin the process of fermentation.   This is the nature of yeast and sugar. 
 
Distillation 
 
Once all of the potential alcohol is made in a ferment then its time to take the part you want 
and discard the rest.  Since ferments are a natural process you’ll find that a small amount of 
other-than ethyl alcohol can be present.  Said another way, even though the vast majority of 
alcohol made is ethyl alcohol, there will be other types present.  Each will have its unique 
molecular weight and that directly corresponds to a unique boiling point.  As the ferment is 
distilled, the liquid is heated and the lighter compounds that require less heat to change from a 
liquid to vapor state will climb the sill column first and further then those needing more energy 
to get to their vapor form.  In this way a still organizes all of the different molecule types 
present in a finished ferment.  From that position of stratification a distiller can extract the 
desired piece of the ferment, cool it to liquid temperature again and then collect it.  In no part 
of this process are chemicals being changes.  This is simply a liquid sifter of sorts. 
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Publisher Summary

The scale-up of single-celled aerobic microbial fermentation processes is complicated

that can lead to unpredictable process performance. However, this is not due to the

introduction of fluid dynamic generated stresses (or so-called “shear damage”),

whether arising from agitator generated turbulence or bursting bubbles, rather it is

because the large-scale fed-batch bioreactor provides a very dynamic environment

with large spatial and temporal heterogeneities. Such environmental heterogeneities

can induce multiple physiological responses in cells. These responses consume

energy and resources such that biomass concentration and product yields can be

reduced. These phenomena are not observed in well-mixed homogeneous laboratory-

scale reactors where much process development is done and their effects are difficult

to model mathematically. Therefore, the ability to obtain data on how a recombinant

laboratory process may perform at the large scale, dependent on feeding regime
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employed or controlling action taken is invaluable for any detailed and informed

development program.

Introduction

Microorganisms are important both for human health and to industry, so the fed-

batch cultivation of microbial strains, often overexpressing recombinant or natural

proteins, to high cell density has become an increasingly important technique

throughout the field of biotechnology, from basic research programs to large-scale

pharmaceutical production processes (Hewitt et al., 1999). The scale-up of such a

process is usually the final step in any research and development program leading to

the large-scale industrial manufacture of such products by fermentation (Einsele,

1978). It is important to understand that the process of scaling-up a fermentation

system is frequently governed by a number of important engineering considerations

and not simply a matter of increasing culture and vessel volume. Therefore, it is

perhaps surprising when the large scale does not perform as the small-scale

laboratory process does. It is often observed that the biomass yield and any growth-

associated products are often decreased on the scale-up of an aerobic process (Enfors

et al., 2001). For Saccharomyces cerevisiae, the biomass yield on molasses increased by

7% when the process was scaled-down from 120 m  to 10 liter even when a

seemingly identical strain, medium, and process were employed (George et al., 1993).

In an Escherichia coli fed-batch recombinant protein process, the maximum cell

density reached was found to be 20% lower when scaling-up from 3 liter to 9 m  and

the pattern of acetic acid formation had changed. (Bylund et al., 1998). During another

study (Enfors et al., 2001), the performance of a recombinant strain of E. coli during

fed-batch culture was found to vary on scale-up from the laboratory-scale to 10–

30 m  industrial bioreactors. This included lower biomass yields, recombinant protein

accumulation, and surprisingly perhaps a higher cell viability. These findings are

typical of those found when scaling-up most fermentation processes, yet only a few

mechanisms have been presented that can satisfactorily explain these phenomena.

In this chapter, we will briefly discuss the main engineering considerations involved

in fermentation scale-up and then critically review those mechanisms thought to be

3
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responsible for any detrimental change in bioprocessing at the larger-scale. Although

it addresses mainly E. coli fed-batch fermentations, much of the discussion also

applies to batch and other single-celled aerobic microbial fermentations too.

Section snippets

Agitator tasks in the bioreactor

The agitation system in the bioreactor provides the liquid motion that enables many

different tasks to be fulfilled. An example of a typical stirred bioreactor is shown in

diagrammatic form in Fig. 5.1. It is important to understand the interaction between

the fluid motion, the agitator speed, and the power input into the bioreactor and

these tasks. It is also necessary to know how a change of scale affects these

relationships. Many of these aspects can be studied without carrying out a…

Fluid mechanical stress or so-called “shear damage”

Anecdotal reference to the damaging effects on cells of fluid mechanical stress or so-

called “shear damage” is frequently made to explain poor process performance when

mechanical agitation and aeration are introduced into a bioreactor as compared to

the nonagitated and nonsparged conditions in a shake flask or microtitre plate

(Thomas, 1990). Thomas (1990) suggested that cells might be considered to be

unaffected by fluid dynamic stresses if they were of a size smaller than the

Kolmogoroff…
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Conclusions and Future Perspective

The scale-up of single-celled aerobic microbial fermentation processes is

complicated, and unpredictable process performance can result. However, this is not

due to the introduction of fluid dynamic generated stresses (or so-called “shear

damage”), whether arising from agitator generated turbulence or bursting bubbles,

rather it is because the large-scale fed-batch bioreactor provides a very dynamic

environment with large spatial and temporal heterogeneities. Such environmental

heterogeneities…
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[ddmcVQQnnnofjpeof_iofe[oq̂rQmijQbhdej_\cQXYlsSPPWttQ SQUW



���������	�
����
������
��
�����
��
��

�������������������������
�����������������
�����
�������������
��������
��
�������������������������������������������� ����	�������������
�����
� ����
!���"�������������
���
�������������	����
��������������!�������
��	�����������������������
��	���#�$%�&'&����!�������	�����������
�
����(�����)������������������
���
����������
�����������

�������
��	��������� ������
��������������
(���������
��
����!��"��������������
�����	�������������������������
���� ����
�����������
�������(���������
�	����� ����������������!������
���������������*��
�
����������������������+��
����������
�����	���������
�������
�����������������������
��	����
����
��,��
�
���������������
!��
�(
���	����������!�����������
��
�������������	�	���������
�������
��-�
���������
����������
�����
�����������	���
����������
�������	��� ���!���	����
�
� �������������������!!����������.��(/011203456178����
�
�������� ��
�
�������
������������������
������������	��������	� �������
�����*����	�����!��������
�	���������������������������������������9���
�����
���
��!�
�����9�(����������������	�
��"��������
�����9�������	�����!���������!����

��������
����������������
��������������!����!������
�������(/011203456178����
�
���
�
������������������������	���������
��(�����
�����
������
�� ��������������
!��������
�	�����������
��	� ��������
�����
�
�!���������(!���������������������"���������	�����
��
�������������	�����"�����!��������-�
���������
��������������	������������
���������	�
�������(/011203456178����
�
��
�
�����
�������������!� �������!��!�
���	�"�������������
��������������������
�����������
��
����
���
���������
�������9���������!�����������	�	���������
�������
��������-�����������������-�����
�������
�����
���������������
�������� ���� ���������
����������(����������	����	����+�������������
:��������������
�;
��������������<�� ��������!
���������
���=����	����
������������
�������
���
��������"�������
��������������	�
�����>������	����������������
�����
���������������(��������
����
������������������?)��@������
�����������������
��	�
������������
�����
��������"�����������������������
����	�
��������!���������A���������������
������
�(����
�����

���		���������
��
�����
��
� �������� 
����
�����
�������������"�������
����"�������B��@����������
��
�� ����
��
��!�������
���������
�	���	�������������
!��������
����������	�����(��������
��� ����
��
���	���
����
!��������
���
��*��
��	������������!��������
����������������	��		���������
��
!����
�;����
���������
� ���<������������
�����������"�����!�������
����������������(��������
�������������������	����!��������?���������
�� ����
������������� ��
���+��	�
����������
�
�	���������
!���"���
���
��@
�����
� ���(+�� ���� ����!�
��	����
�������
������
�� ���:�/C�1737D&E8E07��
�������!(	�������������
�������+�����
� �����/C�F08G43E0HI8��
���
�����(	�������������
��
������������
�� ����!����

�
���J������$��?������������������?������
�������������������
����������������	���������!!���	���������
(����������!�!����������		��������������
�������� �������������=���!���.�����@������������@�
������������@�������������������������
�����!��������	����
!��������
�	�������������	�K����������������
��������������
����
�
��
��������/C�1737&E8E07�
�����
�������
������������
��������������������(������	�������������*��
���
���
������
�
��������������	�����"���
����!������
�������L������������(/011203456178����
��
!����
�����������������
!��������
�	�������������	��!!���K�����	��������!�����������M� ���������
�����
�
�������
�����������

���������������/011203456178��������
��!�������
��	��		("������
���$���N�
�������������
�������
���!���	�!�����������
���������!������� ������
!�����������!����������

�������� ���������
�������������
��*��������
������	� ����	��(����������������
��������
��������������!������!����������	�������������!���
����!������
����

O

PQPQRST�URVWS�XY Z[\�]̂ _\�̂̀�a\bcdc�ef�g\hi\fdbdêf�Xĥj\cc\c�k�XYl
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Ethanol From Cellulose: A General Review
P.C. Badger

INTRODUCTION
The use of ethanol as an alternative motor fuel has been steadily increasing around the world for a num-

ber of reasons.  Domestic production and use of ethanol for fuel can decrease dependence on foreign oil,
reduce trade deficits, create jobs in rural areas, reduce air pollution, and reduce global climate change carbon
dioxide buildup.  Ethanol, unlike gasoline, is an oxygenated fuel that contains 35% oxygen, which reduces
particulate and NOx emissions from combustion.

Ethanol can be made synthetically from petroleum or by microbial conversion of biomass materials through
fermentation.  In 1995, about 93% of the ethanol in the world was produced by the fermentation method and
about 7% by the synthetic method.  The fermentation method generally uses three steps: (1) the formation of a
solution of fermentable sugars, (2) the fermentation of these sugars to ethanol, and (3) the separation and
purification of the ethanol, usually by distillation.

SUGAR FEEDSTOCKS
Fermentation involves microorganisms that use the fermentable sugars for food and in the process pro-

duces ethanol and other byproducts.  These microorganisms can typically use the 6-carbon sugars, one of the
most common being glucose.  Therefore, biomass materials containing high levels of glucose or precursors to
glucose are the easiest to convert to ethanol.  However, since sugar materials are in the human food chain,
these materials are usually too expensive to use for ethanol production.

One example of a sugar feedstock is sugarcane.  Brazil developed a successful fuel ethanol program
from sugarcane for a number of reasons: (1) Brazil traditionally relied heavily on imported oil for transporta-
tion fuels, which caused a severe economic drain on the country; (2) Brazil can attain very high yields of
sugarcane; and (3) Brazil has also experienced periods of poor sugar markets.  As a result, the Brazilian gov-
ernment established programs supportive of the industry with the result that Brazil has been able to success-
fully produce and use sugarcane for fuel ethanol production.

Although fungi, bacteria, and yeast microorganisms can be used for fermentation, a specific yeast (Sac-
charomyces cerevisiae also known as Bakers’ yeast, since it is commonly used in the baking industry) is fre-
quently used to ferment glucose to ethanol.  Theoretically, 100 grams of glucose will produce 51.4 g of ethanol
and 48.8 g of carbon dioxide.  However, in practice, the microorganisms use some of the glucose for growth
and the actual yield is less than 100%.

Other biomass feedstocks rich in sugars (materials known as saccharides) include sugar beet, sweet sor-
ghum, and various fruits.  However, these materials are all in the human food chain and, except for some
processing residues are generally too expensive to use for fuel ethanol production.

STARCHY FEEDSTOCKS
Another potential ethanol feedstock is starch.  Starch molecules are made up of long chains of glucose

molecules.  Thus, starchy materials can also be fermented after breaking starch molecules into simple glucose
molecules.  Examples of starchy materials commonly used around the world for ethanol production include
cereal grains, potato, sweet potato, and cassava.  Cereal grains commonly used in the US for ethanol produc-
tion include maize and wheat.

Approximately 475 million tonnes of maize were produced in the world in 1990 with about 200 million t
produced in the US.  Approximately 8 to 9 million t, or 4% of US maize grain went into ethanol in 1990.  A
bushel of maize grain (25.3 kg or 56 lb. at 15% moisture) can produce from 9.4 to 10.9 L (2.5 to 2.9 gallons)
of pure ethanol, depending on the technology used.

Starchy materials require a reaction of starch with water (hydrolysis) to break down the starch into fer-
mentable sugars (saccharification).  Typically, hydrolysis is performed by mixing the starch with water to
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form a slurry which is then stirred and heated to rupture the cell walls.  Specific enzymes that will break the
chemical bonds are added at various times during the heating cycle.

CELLULOSIC FEEDSTOCKS
Like sugar materials, starchy materials are also in the human food chain and are thus expensive.  Fortu-

nately, a third alternative exists—cellulosic materials.  Examples of cellulosic materials are paper, cardboard,
wood, and other fibrous plant material.

Cellulosic resources are in general very widespread and abundant.  For example, forests comprise about
80% of the world’s biomass.  Being abundant and outside the human food chain makes cellulosic materials
relatively inexpensive feedstocks for ethanol production.

Cellulosic materials are comprised of lignin, hemicellulose, and cellulose and are thus sometimes called
lignocellulosic materials.  One of the primary functions of lignin is to provide structural support for the plant.
Thus, in general, trees have higher lignin contents then grasses.  Unfortunately, lignin which contains no sug-
ars, encloses the cellulose and hemicellulose molecules, making them difficult to reach.

Cellulose molecules consist of long chains of glucose molecules as do starch molecules, but have a dif-
ferent structural configuration.  These structural characteristics plus the encapsulation by lignin makes cellu-
losic materials more difficult to hydrolyze than starchy materials.

Hemicellulose is also comprised of long chains of sugar molecules; but contains, in addition to glucose
(a 6-carbon or hexose sugar), contains pentoses (5-carbon sugars).  To complicate matters, the exact sugar
composition of hemicellulose can vary depending on the type of plant.

Since 5-carbon sugars comprise a high percentage of the available sugars, the ability to recover and
ferment them into ethanol is important for the efficiency and economics of the process.  Recently, special
microorganisms have been genetically engineered which can ferment 5-carbon sugars into ethanol with rela-
tively high efficiency.

One example is a genetically engineered microorganism developed by the University of Florida that has
the ability to ferment both 5- and 6-carbon sugars.  This microorganism was issued US patent 5,000,000.
Other researchers have developed microorganisms with the ability to efficiently ferment at least part of the
sugars present.

Bacteria have drawn special attention from researchers because of their speed of fermentation.  In gen-
eral, bacteria can ferment in minutes as compared to hours for yeast.

ETHANOL-FROM-CELLULOSE
In times of fuel shortages, fermentation ethanol has been commercially manufactured in the US from

cellulosic biomass feedstocks using acid hydrolysis techniques.  Currently, some countries in locations with
higher ethanol and fuel prices, are producing ethanol from cellulosic feedstocks.  However, it is only recently
that cost-effective technologies for producing ethanol-from-cellulose (EFC) in the US have started to emerge.

There are three basic types of EFC processes—acid hydrolysis, enzymatic hydrolysis, and thermochemi-
cal—with variations for each.  The most common is acid hydrolysis.  Virtually any acid can be used; however,
sulfuric acid is most commonly used since it is usually the least expensive.

ACID HYDROLYSIS
There are two basic types of acid processes: dilute acid and concentrated acid, each with variations.

Dilute acid processes are conducted under high temperature and pressure, and have reaction times in the range
of seconds or minutes, which facilitates continuous processing.

As an example, using a dilute acid process with 1% sulfuric acid in a continuous flow reactor at a resi-
dence time of 0.22 minutes and a temperature of 237°C (458°F) with pure cellulose provided a yield over 50%
sugars.  In this case, 0.9 t (1 ton) of dry wood would yield about 189 L (50 gallons) of pure ethanol.  The
combination of acid and high temperature and pressure dictate special reactor materials, which can make the
reactor expensive.

Most dilute acid processes are limited to a sugar recovery efficiency of around 50%.  The reason for this
is that at least two reactions are part of this process.  The first reaction converts the cellulosic materials to
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sugar and the second reaction converts the sugars to other chemicals.  Unfortunately, the conditions that cause
the first reaction to occur also are the right conditions for the second to occur.  Thus, once the cellulosic
molecules are broken apart, the reaction proceeds rapidly to break down the sugars into other products—most
notably furfural, a chemical used in the plastics industry.  Not only does sugar degradation reduce sugar yield,
but the furfural and other degradation products can be poisonous to the fermentation microorganisms.

The biggest advantage of dilute acid processes is their fast rate of reaction, which facilitates continuous
processing.  Their biggest disadvantage is their low sugar yield.  For rapid continuous processes, in order to
allow adequate acid penetration, feedstocks must also be reduced in size so that the maximum particle dimen-
sion is in the range of a few millimeters.

Since 5-carbon sugars degrade more rapidly than 6-carbon sugars, one way to decrease sugar degrada-
tion is to have a two-stage process.  The first stage is conducted under mild process conditions to recover the
5-carbon sugars while the second stage is conducted under harsher conditions to recover the 6-carbon sugars.
Unfortunately, sugar degradation is still a problem and yields are limited to around 272 L/t (80 gallons of
ethanol/ton) of dry wood.

The concentrated acid process uses relatively mild temperatures and the only pressures involved are usu-
ally only those created by pumping materials from vessel to vessel.  One concentrated acid process was first
developed by USDA and further refined by Purdue University and the Tennessee Valley Authority.

In the TVA concentrated acid process, corn stover is mixed with dilute (10%) sulfuric acid, and heated to
100ºC for 2 to 6 hours in the first (or hemicellulose) hydrolysis reactor.  The low temperatures and pressures
minimize the degradation of sugars.  To recover the sugars, the hydrolyzed material in the first reactor is
soaked in water and drained several times.

The solid residue from the first stage is then dewatered and soaked in a 30% to 40% concentration of
sulfuric acid for 1 to 4 hr as a pre-cellulose hydrolysis step.  This material is then dewatered and dried with the
effect that the acid concentration in the material is increased to about 70%.  After reacting in another vessel
for 1 to 4 hr at 100ºC, the reactor contents are filtered to remove solids and recover the sugar and acid.  The
sugar/acid solution from the second stage is recycled to the first stage to provide the acid for the first stage
hydrolysis.  The sugars from the second stage hydrolysis are thus recovered in the liquid from the first stage
hydrolysis.

The primary advantage of the concentrated process is the high sugar recovery efficiency, which can be
on the order of over 90% of both hemicellulose and cellulose sugars.  The low temperatures and pressures
employed also allow the use of relatively low cost materials such as fiberglass tanks and piping.  Unfortu-
nately, it is a relatively slow process and cost effective acid recovery systems have been difficult to develop.
Without acid recovery, large quantities of lime must be used to neutralize the acid in the sugar solution.  This
neutralization forms large quantities of calcium sulfate, which requires disposal and creates additional expense.

Using some assumed cellulose conversion and fermentation efficiencies, ethanol yields from glucose
can be calculated for corn stover (the above-ground part of the corn plant less the ears) as shown in Table 1
showing ethanol yield from glucose.  Similarly, ethanol yields from the xylose can be calculated as shown in
Table 2.

Thus, in this example, the total yield/t of dry stover is about 227 L (60 gallons) of ethanol.  These num-
bers also show how critical sugar conversion and recovery efficiencies and fermentation efficiencies are.  If
one could attain 95% for both efficiencies, then the yield would be approximately 350 L/t (103 gallons of
ethanol/ton).

Table 1.  Ethanol yield from glucose.

Dry stover 1 tonne (1000 kg)
Cellulose content × 0.45
Cellulose conversion and recovery efficiency × 0.76
Ethanol stoichiometric yield × 0.51
Glucose fermentation efficiency × 0.75
Yield from glucose 131 kg ethanol = 151 L (40 gallons)
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ENZYMATIC HYDROLYSIS
Another basic method of hydrolysis is enzymatic hydrolysis.  Enzymes are naturally occurring plant pro-

teins that cause certain chemical reactions to occur.  However, for enzymes to work, they must obtain access
to the molecules to be hydrolyzed.  For enzymatic processes to be effective, some kind of pretreatment pro-
cess is thus needed to break the crystalline structure of the lignocellulose and remove the lignin to expose the
cellulose and hemicellulose molecules. Depending on the biomass material, either physical or chemical pre-
treatment methods may be used.

Physical methods may use high temperature and pressure, milling, radiation, or freezing—all of which
require high-energy consumption.  The chemical method uses a solvent to break apart and dissolve the crystal-
line structure.

An example of an enzymatic hydrolysis-based process is under development by the National Renewable
Energy Laboratory (NREL).  After a dilute acid pretreatment, the slurry is detoxified to remove materials that
would be poisonous to the microorganisms used in the process.  A small part of this slurry is sent to a separate
vessel that is used to grow microorganisms that produce the cellulase enzyme for the process.  Another part of
the slurry is sent to another vessel to maintain and grow a yeast culture for fermentation.  In the NREL pro-
cess, both enzymes and the fermentation microorganisms are added at the same time to the slurry, and sugar
conversion and fermentation occur simultaneously in a process called simultaneous saccharification and co-
fermentation (SSCF).

Due to the tough crystalline structure, the enzymes currently available require several days to achieve
good results.  Since long process times tie up reactor vessels for long periods, these vessels have to either be
quite large or many of them must be used.  Either option is expensive.  Currently the cost of enzymes is also
too high and research is continuing to bring down the cost of enzymes.

However, if less expensive enzymes can be developed enzymatic processes hold several advantages: (1)
their efficiency is quite high and their byproduct production can be controlled; (2) their mild process condi-
tions do not require expensive materials of construction; and (3) their process energy requirements are rela-
tively low.

THERMOCHEMICAL PROCESSES
There are two ethanol production processes that currently employ thermochemical reactions in their pro-

cesses.  The first system is actually a hybrid thermochemical and biological system.  An example is a process
under development by Bioengineering Resources in Fayetteville, Arkansas.  Biomass materials are first
thermochemically gasified and the synthesis gas (a mixture of hydrogen and carbon oxides) bubbled through
specially designed fermenters.  A microorganism that is capable of converting the synthesis gas is introduced
into the fermenters under specific process conditions to cause fermentation to ethanol.

The second thermochemical ethanol production process does not use any microorganisms.  In this pro-
cess, biomass materials are first thermochemically gasified and the synthesis gas passed through a reactor
containing catalysts, which cause the gas to be converted into ethanol.  An intensive effort was made by Ger-
many in World War II to develop these processes for fuel.  Numerous efforts have been made since then to
develop commercially viable thermochemical-to-ethanol processes.

Ethanol yields up to 50% have been obtained using synthesis gas-to-ethanol processes.  Some processes
that first produce methanol and then use catalytic shifts to produce ethanol have obtained ethanol yields in the

Table 2.  Ethanol yield from xylose.

Dry stover 1 tonne (1000 kg)
Hemicellulose content × 0.29
Hemicellulose conversion and recovery efficiency × 0.90
Ethanol stoichiometric yield × 0.51
Xylose fermentation efficiency × 0.50
Yield from xylose 66 kg ethanol = 76 L (20 gallons)
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range of 80%.  Unfortunately, like the other processes, finding a cost-effective all-thermochemical process has
been difficult.

COMMERCIALIZATION EFFORTS
Several EFC plants were built and operated in various countries in World War II, when wartime condi-

tions changed economic conditions and priorities.  These countries included Germany, Russia, China, Korea,
Switzerland, the United States, and other countries.  Today, due to competition from synthetically produced
ethanol, only a few of these plants are still operating with virtually all of them in Russia.

A paper manufacturing plant in Temi-schammaig, Quebec, operates off of byproduct sugars contained in
“sulfite liquor,” which contains about 2% fermentable sugars.  This is the only facility of its kind in North
America.  This facility is operated by Tembec, Inc., and produces 4 million gallons per year of industrial grade
ethanol.

Several efforts are underway in North America to commercially produce ethanol from wood and other
cellulosic materials as a primary product.  Table 3 partially summarizes these companies and their activities,
which are in various states of progress.

SUMMARY
Ethanol-from-cellulose (EFC) holds great potential due to the widespread availability, abundance, and

relatively low cost of cellulosic materials.  However, although several EFC processes are technically feasible,
cost-effective processes have been difficult to achieve.  Only recently have cost-effective EFC technologies
begun to emerge.

Table 3.  A partial listing of companies developing ethanol-from-cellulose technologies.

Company & Primary
headquarters location Technology feedstock Ethanol capacity Comments

BCI, Dedham, MA Dilute acid Bagasse 7560 million L/yr Plant to break
(20 million gpyz) ground in 2002

Bioengineering Resources, Thermochemical Pilot plant
Fayetteville, AR gasification operating

with fermentation
Ethxx International, Thermochemical Wood Pilot plant

Aurora, ON gasification with operating
catalytic conversion

Fuel Cell Energy, Thermochemical Wood Pilot plant
Lakewood, CO gasification with operating

catalytic conversion
Iogen, Ottawa, ON Enzymatic Oat hulls, 378 million L/yr Experimental

switchgrass, (1 million gpy) plant
wheat straw, operating
and corn stover

Masada, Birmingham, AL Concentrated acid MSW 3780 million L/yr Plant to break
(10 million gpy) ground

early 2002
Paszner Technologies, Inc, Acidified aqueous Wood Commercial

Surrey, BC acetone process plants under
construction

PureVision Technology, Enzymatic Wood Constructing
Ft. Lupton, CO pilot plant

zgpy=gallons per year
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Hi @ This vs. That 

This vs. that 

Explore Comparisons 

Compare 

Fractional Distillation vs. 

Refining 

What's the Difference? 

Fractional distillation and refining are both processes used in the petroleum industry to separate and 
purify crude oil. Fractional distillation is a physical separation technique that utilizes the different 
boiling points of the components in crude oil to separate them. It involves heating the crude oil and 
collecting the vapor at different temperature ranges. On the other hand, refining is a chemical 
process that involves treating the crude oil to remove impurities and improve the quality of the end 
products. It includes processes like desalting, catalytic cracking, and hydrotreating. While fractional 
distillation focuses on separating the different components of crude oil, refining aims to enhance the 
quality and value of the final petroleum products. 

Comparison 

Attribute 

Process 

Application 

Objective 

Boiling Points 

Process 
Complexity 

Fractional Distillation 

Separation of a mixture into its 
components based on boiling points 

Used in the petroleum industry to 
separate crude oil into different 
fractions 

To separate a mixture into its 
individual components based on 
boiling points 

Components are separated based 
on their different boiling points 

Relatively simple process 

Refining 

Purification of crude oil to obtain usable 

products 

Used in the oil industry to purify crude oil 
and obtain valuable products like 
gasoline, diesel, etc. 

To remove impurities and obtain usable 
products from crude oil 

Impurities and different hydrocarbon 
fractions have different boiling points 

Complex process involving multiple steps 
and techniques



. Uses a fractionating column and Requires various equipment such as 
Equipment as 

condensers distillation towers, heat exchangers, etc. 

Produces different fractions of 

Products hydrocarbons like gasoline, diesel, 
kerosene, etc. 

Produces usable products like gasoline, 
diesel, jet fuel, lubricants, etc. 

a Does not focus on removing Focuses on removing impurities like 
Impurities ; gs . 

impurities sulfur, nitrogen, metals, etc. 

Further Detail 

Introduction 

Fractional distillation and refining are two essential processes in the petroleum industry. Both 
techniques play a crucial role in separating and purifying crude oil to obtain valuable products such 
as gasoline, diesel, and various petrochemicals. While they share similarities in terms of their 
objectives, there are distinct differences in their methods and applications. This article aims to 
explore and compare the attributes of fractional distillation and refining, highlighting their 
significance in the oil refining process. 

Fractional Distillation 

Fractional distillation is a physical separation process used to separate a mixture of different 
components based on their boiling points. It is primarily employed in the initial stages of crude oil 
refining. The process begins by heating the crude oil in a distillation column, which consists of 
several trays or plates. As the temperature increases, the crude oil vaporizes, and the vapors rise 
through the column. The column is designed in such a way that the temperature decreases 
gradually from the bottom to the top. 

As the vapors rise, they encounter trays or plates at different temperatures. Each tray or plate 
represents a specific temperature range, allowing the separation of different components. The 
components with lower boiling points, such as gasoline and other light hydrocarbons, vaporize at 
lower temperatures and rise to the top of the column. In contrast, components with higher boiling 
points, such as heavy oils and bitumen, remain in the liquid state and collect at the bottom of the 
column. 

The separated components are then collected and further processed to obtain various petroleum 
products. For instance, the gasoline vapors are condensed and collected as a liquid, while the 
heavier fractions are sent for additional refining processes. Fractional distillation is a crucial step in 
the refining process as it enables the initial separation of crude oil into its different components, 
which can then be further processed to obtain valuable products. 

Refining 

Refining, also known as secondary processing, involves the conversion of the separated crude oil 
components obtained through fractional distillation into more valuable products. This process aims 
to remove impurities, improve the quality, and enhance the performance characteristics of the 
petroleum products. Refining encompasses various techniques such as catalytic cracking, 
hydrocracking, hydrotreating, and reforming.



Catalytic cracking is a refining process that breaks down heavy hydrocarbon molecules into lighter 
ones by using a catalyst. This technique is employed to produce gasoline and other light products 
from heavier fractions. Hydrocracking, on the other hand, involves the use of hydrogen and a 
catalyst to break down heavy hydrocarbons into lighter ones. It is particularly useful in converting 
heavy oils into diesel and jet fuel. 

Hydrotreating is a refining process that removes impurities, such as sulfur and nitrogen compounds, 
from petroleum products. This technique helps in reducing the environmental impact of the fuels and 
improving their combustion properties. Reforming is another refining process that involves 
rearranging the molecular structure of hydrocarbons to enhance their octane rating, making them 
suitable for gasoline production. 

Overall, refining plays a crucial role in transforming the separated crude oil components into 
valuable products with improved quality, performance, and environmental characteristics. It 
complements the initial separation achieved through fractional distillation and ensures that the final 
petroleum products meet the required specifications and standards. 

Comparison 

While both fractional distillation and refining are integral parts of the petroleum refining process, they 
differ in terms of their objectives, methods, and applications. Fractional distillation focuses on the 
initial separation of crude oil into its different components based on their boiling points. It is a 
physical separation process that relies on the differences in boiling points to achieve separation. 

On the other hand, refining encompasses various chemical processes that aim to convert the 
separated crude oil components into more valuable products. It involves techniques such as 
catalytic cracking, hydrocracking, hydrotreating, and reforming, which modify the molecular structure 
of the hydrocarbons to improve their quality and performance characteristics. 

While fractional distillation is primarily employed in the early stages of crude oil refining, refining 
processes occur after the initial separation to further process the separated components. Fractional 
distillation separates the crude oil into different fractions, such as gasoline, diesel, and heavy oils, 
while refining processes convert these fractions into specific products with desired properties. 

Another difference lies in the equipment used for each process. Fractional distillation relies on a 
distillation column with trays or plates at different temperatures to achieve separation. The column is 
designed to gradually decrease the temperature from the bottom to the top, allowing the separation 
of components based on their boiling points. 

In contrast, refining processes involve various reactors, catalysts, and other equipment specific to 
each technique. For example, catalytic cracking requires a reactor vessel and a catalyst to break 
down heavy hydrocarbons, while hydrotreating involves reactors and hydrogen gas to remove 
impurities from the petroleum products. 

Conclusion 

Fractional distillation and refining are two essential processes in the petroleum industry. Fractional 
distillation enables the initial separation of crude oil into its different components based on their 
boiling points, while refining processes further convert these components into valuable products with 
improved quality and performance characteristics. 

While fractional distillation relies on physical separation, refining involves various chemical 
processes such as catalytic cracking, hydrocracking, hydrotreating, and reforming. These processes



modify the molecular structure of the hydrocarbons to enhance their properties and meet the 
required specifications. 

Both processes are crucial in the overall refining of crude oil and play complementary roles in 
obtaining the desired petroleum products. Fractional distillation sets the foundation by separating 
the crude oil into fractions, while refining processes add value by converting these fractions into 
specific products suitable for various applications. 

Understanding the attributes and differences between fractional distillation and refining is essential 
for the efficient and effective production of high-quality petroleum products that meet the demands 
of various industries and consumers. 
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INDUSTRIAL FERMENTATION: SUPPORTING 

A GROWING INDUSTRY 

At its basic level, fermentation is a biological process in which microorganisms, such as bacteria or yeast, 

are used to create a product of value. The products are then harvested, packaged and sold. 

Fermentation has been around for centuries and is commonly known for the creation of food and beverage 

products like wine and cheese. Modern biotechnology is changing this, and products can range from 

renewable plastics, fuels, food and much more. While the term fermentation scientifically refers to 

anaerobic processes, it is used broadly in industry, covering all large-scale industrial microbiological 

processes and supported by the disciplines of industrial microbiology, fermentation technology and 

biochemical engineering. 

Ina laboratory setting, these processes can be conducted in small flasks. With the right technology and 

expertise, however, they can be executed on an industrial scale to produce various products. 

The Applied Research team at the Institute for Advanced Learning and Research (IALR) is leading and 

hosting a five-day, hands-on workshop (Jan. 13-17) on the science, technology and engineering of
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instructors from industry. 
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“This workshop, and our growing work in the industrial fermentation space, reflects 

IALR’s commitment to facilitating industry-driven, collaborative workforce 

development programs for the careers of today and tomorrow.” - Telly Tucker, IALR 

President 

What Is Industrial Fermentation? 

Biotechnology is the use of living organisms, cells and biological processes to develop products and 

technologies for various applications. Healthcare, agriculture and environmental management are a few 

industries that utilize biotechnology processes. 

Fermentation is a fundamental process in biotechnology. It uses microorganisms’ metabolic activities to 

produce different products.
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chemical engineering and fermentation technology. All of these are involved. This is 

highly interdisciplinary. It’s both science and engineering together.” - Dr. Biswarup 

Mukhopadhyay, Professor, Virginia Tech Department of Biochemistry 

Industrial fermentation processes are used in many different industries, including: 

Pharmaceuticals: Fermentation produces many antibiotics, vaccines and therapeutic proteins. 

Food and Beverages: Fermentation processes are used to produce alcoholic beverages like beer 

and wine and foods like yogurt and cheese. 

Agricultural Products: Fermentation processes are used in the development of agricultural 

products, including biostimulants, biopesticides and biofertilizers. The Plant Endophyte Research 

Center at [ALR studies how these naturally occurring biostimulants and biocontrol agents can lead 

to more sustainable agriculture. 

Biotechnology for Sustainable Agriculture 

Aug 19 - Inside IALR 

Preparing the Workforce 

IALR is committed to supporting and managing programs that equip the workforce with the skills and 

certifications for successful work. Just some of the many collaborative efforts include a systematic work- 

based learning framework, hands-on career introductions for Virginia middle schoolers, and accelerated 

training for adults looking to start a career in the advanced manufacturing sector. 

IALR’s Vice President of Applied Research, Dr. Scott Lowman, has been exploring options to provide 

fermentation training for years. 

“We wanted to partner to provide training and opportunities to people who may want 

to change careers or get into the biotech industry at a technician level.” - Dr. Scott 

Lowman, Vice President of Applied Research, IALR 

This five-day workshop will introduce microbiology and engineering aspects of industrial microbial 

cultures, also known as fermentation, emphasizing technology development and scale-up.
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Participants will generate, analyze and discuss their own data in a group setting. 

    
  

The workshop will include: 

Anaerobic systems relevant to industry focused on human and animal gut microbiome and biofuel 

Theoretical lectures alternating with practical experiments 

Lessons relating to the day-to-day operation of a fermentation plant 

“This class is focused on how to take a small-scale process that has been developed in the lab and take it 

into the production stage,’ Dr. Mukhopadhyay said. 

Companies interested in having employees participate in this workshop should contact Dr. Scott Lowman. 

Dr. Lowman and Dr. Mukhopadhyay plan to make this a recurring workshop. And offering occasional 

workshops is not the end of the support that IALR will provide for the growth of industrial fermentation 

and the biotechnology industry as a whole. 

“It’s an industry we could support beyond just workforce training, but we’re entering it 

through the workforce training opportunity. As we work with these companies, we 

may be able to support them with research services as well.” - Dr. Scott Lowman, Vice 

President of Applied Research, IALR 

Filed Under: Featured, IALR, Research Tagged With: applied research, Dr. Biswarup Mukhopadhyay, Dr. 

Scott Lowman, fermentation, Telly Tucker 
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“EPA 
Home <https://epa.gov/> / TRI National Analysis <https://epa.gov/trinationalanalysis> / Comparing 

Industry Sectors <https://epa.gov/trinationalanalysis/comparing-industry-sectors> 

Chemical Manufacturing 
This section examines how TRI chemical wastes are managed in the chemical manufacturing 

sector (defined as facilities reporting their primary NAICS code as 325). 
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What the Sector Does 
Chemical manufacturers convert raw materials 

into thousands of different products, including 

basic chemicals, products used by other 

manufacturers (such as synthetic     
fibers, plastics, and 

pigments), 

pesticides, and 

cosmetics, to 

name a few. 

THE SECTOR 

EMPLOYS 
778,000 

PEOPLE 
U.S. Census Annual Survey of Manufactures 
2021 data 
  

  

| 

THE SECTOR 
CONTRIBUTES 
$501 BILLION 

TO U.S. GDP 

  

In value-added. Bureau of Economic Analysis, Year 2022 data 

  

3,430 facilities in the sector report to TRI 
U.S. EPA TRI, Reporting Year 2022 

  

This map shows the locations of the chemical manufacturing facilities that reported to TRI for 

2022, sized by their releases. Click on a facility for details on its TRI reporting. 

Chemical Manufacturing Facilities Reporting to TRI, 2022 

View Larger Map 

For 2022, more facilities reported to TRI from the chemical manufacturing sector than from any 

other industry sector (3,430 facilities; 16% of all facilities that reported to TRI for 2022). This 

sector reported 54% of all waste managed, more than any other sector. 

This large and diverse sector includes facilities producing basic chemicals and those that 

manufacture products through further processing of chemicals. The chart below shows the 

number of facilities by chemical manufacturing subsectors that reported to TRI for 2022. 

 



Chemical Manufacturing Facilities by Subsector, 2022 Gj &3 

3,430 total facilities 

Pharmaceuticals: 5% \ 

    
     

     

Pesticides and Fertilizers: 7% 

Cleaning and 
Personal Care Products: 9% , 

Resins and —~ 
Synthetic Rubber: 12% 

Coatings and Adhesives: 15% 

a Basic Chemicals: 33% 

\ 
Other Chemical Products: 20% 

Operations in the chemical manufacturing sector include: 

e Basic chemicals facilities produce large quantities of chemicals that are often used to make 

other chemicals or products. Basic chemicals include petrochemicals, industrial gases, and 

synthetic dyes and pigments. 

e Coatings and adhesives facilities mix pigments, solvents, and binders into architectural and 

industrial paints; manufacture paint products such as paint removers and thinners; and 

manufacture adhesives, glues, and caulking compounds. 

e Resins and synthetic rubber facilities manufacture resins, plastic materials, synthetic rubber, 

and fibers and filaments. 

e Facilities in the “Other Chemical Products” subsector make chemicals for a wide variety of 

applications. These include chemicals used in photography, explosives, inks and toners, and 

transportation equipment like antifreeze or brake fluid. 

Previous <https://epa.gov/trinationalanalysis/manufacturing-waste-management-trend> 

Next <https://epa.gov/trinationalanalysis/chemical-manufacturing-waste-management-trend> 

This page was published in March 2024 and uses the 2022 TRI National Analysis dataset made public in TRI Explorer in 

October 2023.
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David W. Rogers 
4625 Glynwoods Court 

Fernandina Beach, FL 32034 
 
EDUCATION: 
 
North Carolina State University 1989-1993 
BS in Chemistry  
BS in Biochemistry 
 
WORK HISTORY: 
 
Duke University 1994-1996 
Master of Environmental Management in Environmental Toxicology and Chemistry 
 
International Paper, Erie, PA 1996-2001 
 Environmental, Health and Safety Coordinator 1996-1998  

Responsible for safety in the machines and finishing operation as well as mill wide 
Env compliance management systems development. 

 Project Engineer 1998-2000 
Responsible for project engineering and implementation of projects in the 
Pulpmill.  Focus on Cluster Rule strategy, engineering, and implementation. 

 Pulp Mill Shift Supervisor 2000-2001 
Responsible for all aspects of shift management with a priority on health and safety, 
environmental compliance, and production management of a 24/7 rotating 
schedule operation. 

 
Rayonier Performance Fibers Jesup Mill 2001-2007 
 
 Environmental Engineer 2001-2004 

Assistant to the Environmental Manager, was responsible for installing 
management systems for all aspects of compliance at the mill with a focus on the 
mill's first Title V permit. 

 Manager, Environmental Operations 2004-2007 
Expanded role of responsibility including personnel management for all employees 
in the Environmental department. 

 
Rayonier Performance Fibers/RYAM Fernandina Mill 2007-Present 
 
 Environmental Manager, 2007-2022 

Responsible for all aspects of Environmental compliance at the Fernandina mill. 
 Manager, Biomaterials Sales and Environmental 2022-2024 

Incorporated responsibility for byproduct sales and management for RYAM's Jesup 
and Fernandina mills into the Environmental manager role. 
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