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It has been argued that the advanced biofuels industry will 
have significant impact on U.S. economic recovery and 
its transition to a sustainable green economy. The U.S. 

National Academies have identified renewable energy as a 
national scientific strategy aimed at replacing the oil-based 
refinery and transitioning to a green economy.[1] In addition, 
a study by the Biotechnology Industry Organization (BIO) 
showed that advanced biofuels industries will have significant 
impact on job creation and economic output in the near future, 
as shown in Figures 1.[2]

Therefore, there is a pressing and immediate national need 
for skilled engineers and competent researchers in the biofuels 
field. This need also presents an exciting yet challenging op-
portunity for engineering educators to expand their mission to 
address biofuel production, and to contribute to this coming 
wave of change in the biofuels industry.[3]

To address the educational need for the emerging biofuel 
industry, many universities have introduced biofuel or re-
newable energy education by offering courses and introduc-
ing programs in the past a few years.[4-11] Table 1 lists some 
examples of such education efforts.

As illustrated in Table 1, although many biofuels education 
programs have emerged, most of them target a general non-
engineering audience (such as agricultural or environmental 
majors, professionals in management, or the general public). 
As a result, these efforts usually cover non-engineering 
aspects such as national policies, environmental impact, 
economic analysis, and terminologies. In other words, they 
do not provide the technical education that is required to train 
technically advanced engineers and researchers.
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On the other hand, there are many specialized research cen-
ters on biofuels technologies that have been established in the 
past few years, especially in the chemical engineering field. 
Several examples of such research centers are listed in Table 2.
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Figures 1. 
Impact of 
advanced 
biofuels 
industries 
on (a, far 
left) job 
creation and 
(b, near left) 
economic 
output. 
(Adapted 
from Refer-
ence 2.)

TABLE 1 
A short list of biofuels education programs

Program name Institution / Department Offering type

MBA and Certificate in Sustainable 
Business

Bainbridge Graduate Institute MBA/Certificate  in Sustainable Business;

Florida Center for Renewable 
Chemicals and Fuels

University of Florida / Institute of Food and 
Agriculture Sciences

Graduate Research Fellowships

The Center for Advanced BioEnergy 
Research

UIUC / College of Agricultural, Consumer and 
Environmental Sciences

Master of Science degree in bioenergy

Alternative Energy Technology: Biofuel Central Carolina Community College Associate/Certificate in biofuel technology

Sustainable Energy Initiative (SEI) Oregon State University / Chemical Engineering; 
Crop and Soil Science;

Pilot projects for general public and high 
school students

Biofuel Production Operations 
Certificate Program

California State University - East Bay / Continu-
ing Education

6-month Certificate in biofuel production 
operations

Alternative Energy Programs Crowder College / Environmental Sciences Associate of Arts degree

Biodiesel Fuel Education Program University of Idaho / Biological & Agricultural 
Engineering

Online short course for general public

New York Center for Liquid Biofuel Morrisville State College / School of Agriculture 
and Natural Resources

Create jobs in the agriculture sector

TABLE 2 
A short list of large research centers funded by DOE, USDA, and other agencies

Center/Laboratory name Institution / Department

Engines & Energy Conversion Laboratory (EECL) Colorado State Univ. / Dept of Mechanical Engineering

Center for BioEnergy Research and Dev. (CBERD) South Dakota School of Mines and Tech. (lead), multi-univ. / multidiscip.

Biomass Energy Center Pennsylvania State Univ. / multidiscip. (includes chem. engineering)

Office of Biobased Technologies (OBT) Michigan State Univ. / multidiscip. (includes chem. engineering)

The Institute for Massachusetts Biofuels 
Research 

Univ. of Massachusetts, Amherst / multidiscip. (includes chem. engineering)

Biofuels Research Laboratory (BRL) Cornell Univ. / Depart. of Bio. & Environmental Engineering

Center for Direct Catalytic Conversion of 
Biomass to Biofuel 

Purdue Univ. / multidiscip. (includes chemical engineering)

Catalysis Center for Energy Innovation (CCEI) Univ. of Delaware (lead), multi-univ. / multidiscip. (led by chemical. engineering)

Combustion Energy Frontier Research Center Princeton Univ. (lead), multi-univ. / multidiscip. (includes chemical engineering)

Bioenergy Systems Research Initiative (BSRI) Georgia Tech / multidiscip. (includes chemical engineering)

Bioenergy Research Group (BERG) Univ. of California, Davis / multidiscip. (includes chemical engineering)
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These research centers mainly focus on advanced research 
and graduate/post-graduate education in engineering.[7,12-14] 
The research results generated from these centers, other 
research groups, and individual researchers are usually pub-
lished in scientific journals, which involve a high level of 
technical knowledge and complexities that are intended for 
highly technical audiences such as other research scientists 
and development engineers. Although some universities 
have been offering biofuels-related courses in engineering, 
we believe the gap between advanced biofuels research and 
undergraduate biofuels education in engineering is still sig-
nificant and worth addressing.

APPROACH/METHOD
Among different engineering majors, chemical engineering 

is in a unique position to address this educational need. This is 
because most processes associated with biofuels are chemical 
or biochemical processes and all the underlying principles of 
biofuel processes, such as mass transfer, heat transfer, and 
reaction engineering, are the same as those of traditional 
chemical or petrochemical processes. The only differences 
are that, in biofuels processes, different unit operations are 
arranged in different ways, and different raw materials are 
processed in biofuels plants. These similarities indicate a 
much easier transition from a traditional chemical engineer 
to a biofuels engineer compared with students from other 
engineering disciplines. Of course, biofuels processes have 
their unique characteristics and challenges. In general, biofuel 
processes are more complex than the traditional chemical or 
petrochemical processes partially due to the complex raw 
materials (e.g., lignocellulosic biomass, municipal wastes, 
etc.) and multiple reactions associated with the complex raw 
materials. This perhaps is one of the major reasons for the 
lack of comprehensive yet simple enough educational mate-
rial on biofuels processes that can be easily adopted into 
chemical engineering curricula. Although there are some 
engineering textbooks[15-20] published in the biofuels area, 
due to the challenges associated with adding new courses or 
changing curricula, they have not been widely adopted. Par-
tially because of the lack of appropriate educational materials, 
existing undergraduate biofuels educational efforts are often 
too fragmented to achieve critical mass for a visible impact 
on students’ understanding of biofuel technology when they 
graduate.

It is worth noting that over the years chemical engineering 
curricula have primarily focused on the traditional chemical 
and petrochemical industry. In other words, most examples, 
homework problems, exams, and design problems are de-
veloped based on the traditional chemical and petrochemical 
processes with some exceptions, e.g., Reference 14. The fun-
damental principles and concepts that are involved in chemi-
cal processes (which are the same for biofuel processes) are 
introduced cumulatively through a modular approach, such as 

mass transfer, heat transfer, material balance, reactor design, 
and process control. Based on this observation, we believe 
that an alternative approach (in contrast to a single biofuels 
course) of teaching chemical engineering students biofuels 
technology is to adopt a similar modular approach by creating 
comprehensive yet flexible and apprehensible biofuel learn-
ing modules that are compatible with the existing modular 
courses for easy integration or adoption.

Specifically, instead of developing a separate senior course 
that is devoted to biofuels processes, we propose to break 
down the biofuels processes into small pieces such as unit 
operations, and each piece can be further broken down and 
simplified to illustrate different chemical engineering prin-
ciples or concepts. For example, a gasifier is one of the process 
units in a gasification process[21]; it can be further simplified 
to illustrate mass balance or energy balance. Or it can be 
further broken down to different zones as shown in Figure 2 
(e.g., drying, pyrolysis, reduction, and combustion) to illus-
trate different heat effects, such as sensible heat, latent heat, 
and heat of reaction. In this way, lower-level students will 
not be overwhelmed by the complexity of a biofuels process 
when they do not yet have all the background knowledge to 
comprehend it as a whole; meanwhile, higher-level students 
will feel much more comfortable in designing a complex 
biofuels plant because they have seen all the pieces in their 
lower-level courses, maybe even multiple times. We hope 
this modular approach will result in a better student-learning 
outcome than a “single-course” approach, or at least it can be 
used to supplement and enhance the single-course approach.

Based on the modular approach, we have been developing 
a series of classroom learning modules that can be easily 

Figure 2. 
Different 
zones in an 
updraft gas-
ifier (source: 
<http://www.
biomasa-elek-
trika.com/>).



Vol. 50, No. 2, Spring 2016 101

integrated into existing chemical engineering curricula. The 
key components of each module are listed in Table 3. The 
modular and extensible nature of the learning material will 
enable instructors to easily select, share, expand, and modify 
the materials to fit students with various learning capabilities 
and career goals.

Due to the complex nature of biofuels processes and stu-
dents’ limited exposure to biofuels technology, most students 
would feel incompetent in dealing with problems related to 
biofuels. To help students overcome this barrier, we have 
also been creating a series of web modules to accompany the 
classroom modules by exploiting two instructional strategies: 
computer-assisted instruction and visual learning. Computer-
assisted instruction is an innovative instructional strategy that 
has been receiving increasing attention in engineering educa-
tion.[22] It has been shown that computer-assisted instruction 
provides students with rapid inquiry-based learning experi-
ences, allowing students to proceed at their own pace and 
within their own schedule.[23-25] Visual learning—the use of 
graphics, images, and animations to enable and enhance learn-
ing—has been shown to be effective in exploiting students’ 
visual senses to engage students in active learning, support 
traditional lessons, and make their learning experience stron-
ger and deeper.[26-32] This methodology also has the potential 
to increase the number of students in science, technology, 
engineering, and math (STEM) fields, especially for women 
and minority students.[30]

The key components of the web modules include: glossary, 
process introduction, process flow diagram, captured and ani-
mated process video clips, visual encyclopedia of equipment, 
reference shelf, and solved problems. While classroom mod-
ules focus on the fundamental aspects of biofuels technology 
that are more suited to the current undergraduate chemical 
engineering curriculum, the online web modules will provide 
more background knowledge and other resources to assist 
students with understanding classroom modules. In this way, 
students will not only be exposed to biofuels technology, but 
also get fresh stimuli in learning chemical engineering prin-
ciples. Besides assisting students with classroom modules, 
another intended goal of the web modules is to use recently 
emerged effective teaching strategies combined with the “hot” 
topic of biofuels to stimulate students’ interest in learning 
traditional chemical engineering principles.

RESULTS
Classroom modules

We have developed classroom modules for chemical engi-
neering thermodynamics and chemical reaction engineering 
courses. Specifically, classroom modules have been created 
to cover the following four topics in chemical engineering 
thermodynamics that are compatible with Chapters 4, 6, 10, 
11, and 12 of the commonly used textbook by Smith, Van 
Ness, and Abbott.[33]

•  Heat effects in biofuels processes

•  Thermodynamic properties of biofuels

•  Vapor/liquid equilibrium in biofuels processes

•  Biofuels solution thermodynamics

In addition, classroom modules have been developed to 
cover the following topics of chemical reaction engineering 
that are compatible with Chapters 1-5 and 8 of the textbook 
by Fogler.[34]

•  Design equations for batch and continuous gasifiers

•  Rate laws and stoichiometry for various biofuels reac-
tions

•  Design of CSTRs and packed bed reactors (PBRs) for 
biofuels processes

•  Multiple reactions in biofuels processes

One classroom module is provided in Figures 3 (on two 
following pages) as an illustrative example.

As can be seen from Figures 3, each classroom module is 
linked to one chapter or some sections of the most commonly 
used textbooks, as indicated in the “Associated Sections in 
Selected Textbooks” section of each module. In this way, 
there are no textbook or even any course syllabus changes 
or additions needed, making adoption extremely easy—the 
instructor can straightforwardly replace or supplement some 
of the textbook examples and homework problems with the 
examples and problems provided by the classroom module. 
As shown in the dashed-line frame in Figures 3, the problem 
part is essentially the same as a typical textbook example or 
homework problem without the involvement of any biofuels 
process. In addition, the “Web Module Links” point students 
to relevant web modules to promote active learning and stu-
dent engagement. Finally, for some topics, one or more com-
prehensive, open-ended design problems will be provided. 
One example design problem is provided in the Appendix.
Web modules

For the web modules, we have been developing a glossary, 
collections of commonly used equipment, different biofuel 
processes, animated video clips, and a reference list.

Specifically, we have developed a comprehensive glossary of 
frequently used acronyms and definitions of various specialized 

TABLE 3
Key components of a classroom module

• Associated sections in selected textbooks

• Module learning objectives

• Web module links

• Process background and problem

• References

• Solutions (for instructors)
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Figures 3 (above and facing). Example classroom module. Content 
in the dashed-line frame (i.e., the problem part) resembles a typical 
textbook example or homework problem without the involvement of 

any biofuels process.

terms used in the biofuels industry with hundreds 
of entries, which provides explanation to common 
terminologies in biofuel technology. Chemistry 
and chemical engineering details are included to 
make them more technical and job-oriented. At 
the time this paper was being written, we have 
included more than 500 terms. This glossary 
serves as an essential resource for students with 
little or no biofuels background.

We also have developed a collection of common 
equipment used in biofuel processes, namely the 
Visual Encyclopedia of Equipment, which in-
cludes a wealth of photographs, drawings, videos, 
and descriptions of different equipment used in 
different biofuel processes, such as gasifiers, pyro-
lyzers, and reformers. This resource also serves as 
a tool to enhance students’ biofuels background. 
So far we have developed more than 40 equip-
ment modules. Due to limited space, we can only 
provide an abridged screenshot of an equipment 
module, as shown in Figure 4 (page 104).

Besides individual equipment, we have devel-
oped web modules for the different pathways 
employed by different biofuel processes, including 
gasification, fermentation, pyrolysis, combustion, 
and liquefaction. For each pathway, we classify 
the process based on technology and feedstock. 
For example, for gasification, we have developed 
seven web modules based on different technolo-
gies and nine based on different feedstocks (the left 
figure in Figures 5, page 104). For fermentation, we 
have developed six modules based on technology 
and seven based on feedstock (Figure 5, bottom). 
Each module includes a technical introduction of 
the process, the process flow diagram, equipment 
or reactors, related videos and glossary terms, and 
references. While the classroom modules focus on 
one element of a process to develop fundamental 
understanding of specific topics individually, the 
web modules are process-oriented and present a 
range of concepts and fundamentals in the context 
of the larger biofuels process under investigation. 
In other words, they provide students a complete 
or holistic description of a process that involves 
different fundamental principles and concepts, such 
as mass transfer, heat transfer, and phase equilibria.

In addition, to enhance students’ visual learning 
by illustrating the process material/energy flow 
and reactions in action, we have also developed 
animated process video clips for many biofuels 
processes including combustion, pyrolysis, liq-
uefaction, different types of gasifiers, Fischer-
Tropsch reactors, and others.

The animated videos were created based on process flow diagrams, 
equipment illustrations, and cutaway drawings. Video clips provide a 
vivid description of how a process operates, including, for example, the 
flow of material streams, details of the reactions, and energy exchanges. 
Compared to verbal descriptions, these videos provide students with a 
more intuitive and dynamic view of the process, which could significantly 
improve students’ understanding of a process. All videos are accompanied 
by narrations and are shared on YouTube. Collectively, the videos have 
been viewed more than 14,500 times in the past year. In addition, we have 
also included more than two dozen biofuels-related videos developed by 
other organizations.
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Finally, we have compiled a comprehensive reference list. In it, students can 
find additional information for further study. The reference list includes hun-
dreds of books, journal articles, and website links related to biofuels technology.

All the classroom and web modules are hosted on the website <www.
BiofuelsAcademy.org>, which is the project website dedicated to chemical 
engineering undergraduate biofuels education.

CONCLUSIONS
This work was motivated by the potential need for a technologically ad-

vanced workforce and innovative researchers in the biofuel field. To address 
this need, we first identified the gap between advanced biofuels research and 
undergraduate biofuels education in engineering. We then introduced a modular 
approach to bridge this gap by creating educational materials that systematically 
integrate biofuels education into chemical engineering curriculum. Specifically, 
we have created a set of classroom modules by simplifying and decomposing 
complex biofuel processes. Each classroom module focuses on one chemical 
engineering theory or principle, e.g., one topic or section of a typical textbook 
such as sensible heat or heat of reaction, making it easy for wide adoption. To 

accommodate different learning styles and 
enhance students’ active engagement through 
computer-assisted instruction and visual 
learning, we have also created a series of web 
modules to accompany the classroom mod-
ules. We expect that the unique combination 
of classroom modules with web modules will 
effectively enhance students’ understanding 
of chemical engineering principles, as well 
as significantly increase students’ exposure 
to biofuels technology.

We hope that there is a wide adoption 
of our learning materials among chemical 
engineering educators because our approach 
can effectively address the following three 
major obstacles of introducing biofuels 
education into chemical engineering curri-
cula: (1) there is a lack of learning materials 
that are appropriate for undergraduates; (2) 
not all academic programs will be able to 
accommodate additional course(s) with all 
other programmatic requirements currently 
in place; and (3) any changes to the cur-
riculum that require significant effort from 
faculty or staff would be difficult to sell and 
adopted widely.

In the proposed framework, the class-
room modules serve as the supplementary 
materials to existing chemical engineering 
textbooks. In other words, our primary goal 
is still for students to understand and apply 
chemical engineering principles. Introducing 
biofuels education is the secondary goal, 
which exposes students to contemporary 
issues and industrial/national needs. There-
fore, the basic concepts and fundamental 
principles from classic textbooks are still 
represented and are taught in the same way 
as in a traditional chemical engineering class. 
The examples and homework problems pro-
vided in the developed biofuel modules can 
be used to replace/supplement some of the 
textbook examples and homework problems.

The advantages of this modular approach 
that make it easy for adoption are summa-
rized in Table 4 (page 105) from both instruc-
tors’ and students’ points of view.

FUTURE WORK
We have integrated the developed bio-

fuels learning modules into two chemical 
engineering core courses: thermodynamics 
and chemical reaction engineering. We are 

Figures 3. continued.
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currently evaluating student learning outcomes 
and will report the results in a separate paper. 
Once the learning modules are refined, we will 
explore several avenues for wide dissemina-
tion, including but not limited to periodic 
updates and improvements to our website and 
content, direct contact with professors at other 
institutions and workshops, and presentations/
posters at conferences.

ACKNOWLEDGMENT
Financial support from the National Science 

Foundation under Grant No. 1044300 and the 
U.S. Department of Agriculture through the 
Southeast Partnership for Integrated Biomass 
Supply System (IBSS) are greatly appreciated.

REFERENCES
 1.  The National Academies, Rising Above the Gather-

ing Storm: Energizing and Employing America for a 
Brighter Economic Future, The National Academies 
Press: Washington, D.C. (2007)

 2.  Biotechnology Industry Organization. BIO. <https://
www.bio.org/> (accessed Feb. 2015)

 3.  Rosentrater, K.A., and R. Balamuralikrishna, “The 
Growing Importance of Emerging Biobased Indus-
tries to Engineering and Technology,” The Int. J. 
Applied Management and Technology, 5(2), 16 (2007)

 4.  MIT Professional Education. <http://web.mit.edu/professional/short-
programs/courses/biofuels_biomass.html> (accessed Feb. 2015)

 5.  Iowa Central Community College. Biofuels Technology Program. 

Figure 4, right. An abridged screenshot of 
an equipment web module. Full module can 

be found at: (<http://biofuelsacademy.org/
web-modules/equipment/bin-and-storage-

unit/hammermill-surge-bin/>)

Figures 5. Process web modules based on technology and feedstock. Two examples: gasification (left) 
and fermentation (right).

<http://www.iowacentral.edu/> (accessed Feb. 2015)
 6.  University of Colorado at Boulder. The Renewable and Sustain-

able Energy Institute (RASEI). <http://rasei.colorado.edu/index.
php?id=1&page=Home> (accessed Feb. 2015)

 7.  University of Connecticut. UConn Biofuels Consortium. <http://



Vol. 50, No. 2, Spring 2016 105

biodiesel.engr.uconn.edu/index.html> (accessed Feb. 2015).
 8.  University of Kentucky Center for Applied Energy Research. Biomass 

to Energy: An Overview Short Course. <http://www.caer.uky.edu/
events/biofuels2010.html> (accessed Feb. 2015)

 9.  University of Louisiana at Lafayette. Department of Renewable 
Resources. <http://www.louisiana.edu/about-us/areas-excellence/
environmental-sciences-and-biodiversity> (accessed Feb. 2015)

 10.  University of Wyoming. Department of Ecosystem Science and Man-
agement. <http://www.uwyo.edu/renewable/> (accessed Feb. 2015)

 11.  Varde, K.S., “Undergraduate Research Experience in Energy Conver-
sion and Alternate Energy Systems,” 9th International Conference on 
Engineering Education, San Juan, PR, 2006; pp M5K-10-13

 12.  The University of Massachusetts Amherst. The Institute for Massachu-
setts Biofuels research. <http://www.cns.umass.edu/timbr/> (accessed 
Feb. 2015)

 13.  UC Berkeley. Energy Biosciences Institute. <http://www.energybio-
sciencesinstitute.org/> (accessed Feb. 2015)

 14.  University of California, Davis. Bioenergy Research Center at UC 
Davis. <http://bioenergy.ucdavis.edu/index.php> (accessed Feb. 2015)

 15. Brown, R.C., Biorenewable Resources: Engineering New Products 
from Agriculture,Wiley-Blackwell Publishing, Oxford (2014)

 16.  Capareda, S.C., Introduction to Biomass Energy Conversions, CRC 
Press, Boca Raton, FL (2013)

 17.  Dunlap, R.A., Sustainable Energy, Cengage Learning, Stamford, CT 
(2015)

 18.  Demirbas, A., Biorefineries, Springer, Heidelberg, Germany (2010)
 19.  Demirbas, A., Biofuels: Securing the Planet’s Future Energy Needs, 

Springer, Heidelberg, Germany (2009)
 20.  Drapcho, C., J. Nghiem, and T. Walker, Biofuels Engineering Process 

Technology, McGraw Hill, New York, 13 Higher Education (2008)
 21.  Vogels, J., “The Carbo-V® gasification Process For the Production 

of Syngas,” International Seminar on Gasification and Methanation, 
Gothenburg, Sweden (2007)

 22.  Abu-Hajar, A., M. Holden, “Interactive Computer-Based Virtual Class-
room For Engineering Courses,” ASEE, p 1808., Honolulu (2007)

 23.  Fang, N., G.A. Stewardson, and M.M. Lubke, “Enhancing Student 
Learning of an Undergraduate Manufacturing Course With Computer 
Simulations,” Int. J. Eng Ed., 24(3), 558 (2008)

 24.  MIT. Open Courseware. <http://ocw.mit.edu/index.html> (accessed 
Feb. 2015)

 25.  Hogan, K., and M. Pressley, eds., Scaffolding Student Learning: In-
structional Approaches & Issues, Advances in Teaching and Learning 
Series; Brookline Books: Cambridge, MA (1997)

 26.  Laws, P., “Using Digital Video Analysis in Introductory Mechanics 

Projects,” The Physics Teacher, 36(5), 282 (1998)
 27.  Konyalioglu, S., and A.C. Konyalioglu, “The Role of Visualization 

Approach on Student’s Conceptual Learning,” Int. J. for Mathematics 
Teaching and Learning, (2005)

 28.  Blanchard, P., “Easy Animations,” in Invention and Impact: Building 
Excellence in Undergraduate Science, Technology, Engineering, and 
Mathematics (STEM) Education, AAAS Press, pp 147-149 (2005)

 29.  Konyalioglu, A.C., “An Evaluation From Students’ Perspective on 
Visualization Approach Used in Linear Algebra Instructions,” World 
Applied Science Journal, 6(8),1046 (2009)

 30.  McGrath, M.B., and J.R. Brown, “Visual Learning For Science and 
Engineering,” IEEE Computer Graphics and Applications, 25(5), 56 
(2005)

 31.  Bransford, J.D., A.L. Brown, ,and R.R. Cocking, eds. How People 
Learn: Brain, Mind, Experience, and School, National Academies 
Press: Washington, DC (1999)

 32.  Frankel, F., “Translating Science Into Pictures: A Powerful Learning 
Tool.,” in Invention and Impact: Building Excellence in Undergraduate 
Science, Technology, Engineering, and Mathematics (STEM) Educa-
tion, AAAS Press, Washington, DC, pp. 155-158 (2005)

 33.  Smith, J.M., H.C. Van Ness, and M.M. Abbott, Introduction to Chemi-
cal Engineering Thermodynamics, 7th Ed., McGraw Hill: New York 
(2005)

 34.  Fogler, H.S., Essentials of Chemical Reaction Engineering, Pearson 
Education, Upper Saddle River, NJ (2010)

APPENDIX
Rotary dryer design

A rotary dryer consists of a revolving cylindrical shell, hori-
zontal or slightly inclined toward the outlet. Wet feed enters 
one end of the cylinder; dry material discharges from the other. 
As the shell rotates, internal flights lift the solids and shower 
them down through the interior of the shell. Rotary dryers are 
heated by direct contact of air or gas with the solids, by hot 
gasses passing through an external jacket on the shell, or by 
steam condensing in a set of longitudinal tubes mounted on 
the inner surface of the shell. The last of these types is called 
a steam-tube rotary dryer.[A1-A3]

A typical countercurrent direct-contact air-heated dryer is 
shown in Figure A1. A rotating shell A made of sheet steel 

TABLE 4 
Advantages of the proposed modular framework for biofuels education

Features Benefits to instructors Benefits to students

Compatibility No textbook/syllabus change or addition Reduces psychological barrier

Modularity Independent modules/problems enable free choice 
of use

Learning of one module will not negatively affect their learn-
ing of others 

Flexibility Easy to modify/add example/homework Allows students to have input into the types of problems they 
would like to see

Comprehensive 
problem collection

Ample examples/homework to choose from Ample examples to learn and ample homework to exercise on

Solution availability Solutions to examples/homework are provided– no 
extra burden for instructors

Example solutions help develop strong problem solving 
strategies and skills

Web modules Reduce classroom time spent on modules and 
minimize disruption to existing curriculum because 
great details are provided in the corresponding web 
modules 

Provide additional resource and assistance  that enhance 
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is supported on two sets of rollers B and driven by a gear 
and pinion C. At the upper end is a hood D, which connects 
through fan E to a stack, and a spout F, which brings in wet 
material from the feed hopper. Flights G, which lift the mate-
rial being dried and shower it down through the current of 
hot air, are welded inside the shell. At the lower end the dried 
product discharges into a screw conveyor H. The air is moved 
through the dryer by a fan, which may, if needed, discharge 
into the air heater so that the whole system is under a positive 
pressure. Alternatively, the fan may be placed in the stack as 
shown, so that it draws the air through the dryer and keeps 
the system under a slight vacuum. This is desirable when the 
material tends to dust.

In a biomass gasification plant,[A4] it is required to process 
wet biomass containing 50 wt % moisture at a rate of 60 kg/
min. For the discharged dried biomass, the solids content 
must exceed 80 wt %. Hot air is available at 350 ˚C with a 
humidity of 0.01 kg/kg dry air, and the maximum mass flow 
rate of the air that can be provided is 20 kg/s. Design an air-
heated rotary dryer that satisfies the above requirements. You 
can make the following assumptions: The heat capacity of the 
dry biomass is 1.7 kJ/(kg·K), the initial temperature of the wet 
biomass is between 15 ˚C and 30 ˚C, the temperature of the 

dried biomass at the discharge is between 70 ˚C and 90 ˚C, 
the temperature of the moist air at the outlet is between 110 ̊ C 
and 130 ̊ C. The heat capacities of air and water can be found 
in handbooks or online. The enthalpies of the saturated and 
superheated steams can be found in the steam table.

Additional information about dryer design can be found 
in the “Reference Shelf” section of the web module. For 
example, “APV Dryer Handbook” provides a guide to dryer 
selection and the ways to improve thermal efficiency in a 
dryer. In addition, more dryer pictures and videos can be 
found in the “Visual Encyclopedia of Equipment” section of 
the web module and in “The Visual Encyclopedia of Chemical 
Engineering Equipment.”[A3]
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Figure A1. Countercurrent direct-contact air-heated rotary dryer: A, dryer shell; B, shell-supporting rolls; C, drive gear; 
D, air-discharge hood; E, discharge fan; F, feed chute; G, lifting flights; H, product discharge; J, air heater. (Image source: 

<http://putrapratamadany.blogspot.com/2011/05/alat-bernama-rotary-dryer.html>).


