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Chemical Engineering Curriculum
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Abstract: In view of potential demand for skilled engineers and competent researchers in the
biofuel field, we have identified a significant gap between advanced biofuel research and
undergraduate biofuel education in engineering. To help bridge this gap, we have been creating
educational materials that systematically integrate biofuels technology into undergraduate
chemical engineering curriculum. The modular approach we proposed aims to address some of
the major obstacles of introducing biofuel education into chemical engineering curricula.

1 Introduction

It has been argued that advanced biofuel 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. * In addition, as shown in a 2009 Biotechnology
Industry Organization (BIO) study ? (Figure 1), advanced biofuel industry will have significant
impact on job creation and economic output in the near future.
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Figure 1 Impact of advanced biofuel industry on (a) job creation and (b) economic output. (Adapted from
Ref. 2.)
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Therefore, there is a pressing and immediate national need of skilled engineers and competent
researchers in the biofuel field. This need also presents an exciting yet challenging opportunity
for the engineering educators to expand their mission to addressing biofuel production, and to
contribute to this coming wave of change in the industry.

To address the education need for the emerging biofuel industry, in the past a few years many
universities have introduced biofuel or renewable energy education by offering courses and
introducing programs. #>®7891011 Taple 1 lists some examples of such education efforts.

Table 1 A short list of biofuel education programs

Program name Institution / Department Offering type
MBA and Certificate in Bainbridge Graduate Institute MBA/Certificate in Sustainable
Sustainable Business Business;

Florida Center for Renewable University of Florida / Institute of Food and |Graduate Research Fellowships
Chemicals and Fuels Agriculture Sciences

The Center for Advanced UIUC / College of Agricultural, Consumer |Master of Science degree in
BioEnergy Research and Environmental Sciences bioenergy

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

Sustainable Energy Initiative Oregon State University / Chemical Pilot projects for general public and
(SEID) Engineering; Crop and Soil Science; high school students

Biofuel Production Operations | California State University - East bay / 6-month Certificate in Biofuel
Certificate Program Continuing Education Production Operations

Alternative Energy Programs Crowder College / Environmental Sciences |Associate of Arts Degree

Biodiesel Fuel Education University of Idaho / Biological & Online short course for general
Program Agricultural Engineering public

New York Center for Liquid Morrisville State College / School of Create jobs in the agriculture sector
Biofuel Agriculture and Natural Resources

As illustrated in Table 1, although many biofuel education programs have emerged recently,
most of them target general non-engineering audience (such as agricultural or environmental
majors, professionals in management, or 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.

Contrary to the lack of efforts in biofuel education for engineering undergraduates, there are
many specialized research centers on biofuel technologies established in the past few years,
especially in the chemical engineering field. Several examples of such research centers are listed
in Table 2. These research centers mainly focus on advanced research and graduate/post-
graduate education in engineering. ******” The research results generated from these centers, and
other research groups and individual researchers, are usually published on scientific journals,
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which involve high level technical knowledge and complexities that only specialized scientists
can understand. As a result, the available biofuel educational materials are quite dispersed and no
single comprehensive literature source on biofuel processes exists that is suitable for engineering
undergraduate education. Consequently, there is a significant gap between advanced biofuel
research and undergraduate biofuel education in engineering.

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 Colorado State Univ. Depart. of Mech. Eng.

(EECL)

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

Biomass Energy Center Pennsylvania State Univ. / Multidiscip. (incl. Chem. Eng.)
Office of Biobased Technologies (OBT) Michigan State Univ. / Multidiscip., (incl. Chem. Eng.)

The Institute for Massachusetts Biofuel Univ. of Massachusetts Amherst / Multidiscip. (incl. Chem. Eng.)
Research

Biofuel Research Laboratory (BRL) Cornell Univ. / Depart. of Bio. & Env. Eng.

Center for Direct Catalytic Conversion of Purdue Univ. / Multidiscip. (incl. Chem. Eng.)

Biomass to Biofuel

Catalysis Center for Energy Innovation (CCEI) |Univ. of Delaware (lead) / Multi-univ.; Multidiscip. (led by Chem.

Eng.)
Combustion Energy Frontier Research Center |Princeton Univ. (lead) / Multi-univ.; Multidiscip. (incl. Chem.
Eng.)
Bioenergy Systems Research Initiative (BSRI) |Univ. of Georgia / Multidiscip. (incl. Chem. Engi.)
Bioenergy Research Group (BERG) Univ. of California, Davis / Multidiscip. (incl. Chem. Eng.)

2 Approach/Method

Among different engineering majors, chemical engineering is in a unique position to address this
educational need. This is because most biofuel processes 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 biofuel processes different unit operations are arranged in
different ways, and different raw materials are processed in biofuel plants. These similarities
indicate a much easier transition from a traditional chemical engineer to a biofuel engineer
compared with students from other engineering disciplines.

Of course, biofuel processes have their unique characteristics and challenges. For example, in
general biofuel processes are more complex than the traditional chemical or petrochemical
processes, especially when lignocellulosic biomass is involved. This perhaps is the major reason
for the lack of comprehensive yet simple enough material on biofuel processes that can be easily
adopted into chemical engineering curricula. Although there are several excellent graduate
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textbooks on biofuel technology, undergraduates do not have adequate background knowledge to
understand them. Due to the lack of appropriate educational materials, existing undergraduate
biofuel educational efforts are often too fragmented to achieve critical mass for a visible impact
on students’ understanding of the biofuel technology when they graduate.

Over the years chemical engineering curricula have primarily focused on traditional chemical
and petrochemical industry. In other words, most examples, homework problems, exams and
design problems are developed based on the traditional chemical and petrochemical processes.
As fundamental principles and concepts that involved in chemical processes (which are the same
for biofuel processes) are introduced gradually and cumulatively throughout the chemical
engineering curriculum, we believe that a better approach of teaching chemical engineering
students biofuel technology is to adopt a piecemeal approach by creating a set of comprehensive
yet flexible and apprehensible biofuel learning modules that spread across the entire chemical
engineering curriculum.

Specifically, instead of developing a separate senior course that is devoted to biofuel processes,
we propose to break down the biofuel processes into small pieces such as unit operations, and
each piece can be further broken down and simplified to illustrate different chemical engineering
principles or concepts. For example, a gasifier is one of the units in a gasification process; it can
be further simplified to illustrate mass balance, or energy balance. Or it can be further broken
down to different zones (e.g., drying, pyrolysis, partial oxidation and combustion) to illustrate
different heat effects, such as sensible heat and heat of reaction. In this way, lower level students
will not be overwhelmed by the complexity of a biofuel process when they do not yet have all
the background knowledge to comprehend it as a whole; while higher level students will feel
much more comfortable in designing a complex biofuel plant because they have seen all the
pieces in their lower level courses, maybe even multiple times. We believe this modular or
piecemeal approach will result in better students learning outcome than the “single-course”
approach. It should be noted that there are some efforts to include biofuels materials into
textbooks by their authors; but they are not well documented or disseminated. It is also worth
noting that one shortcoming of the proposed approach, compared to the approach of having a
separate biofuels elective course, is that students who are not interested in biofuels will be
required to learn the material and perform assignments. It is also desirable to include enough
biofuel material in as many courses as possible to keep the topic fresh and persistent so that it
would not get lost amongst the rest of the chemical engineering principles.

Based on the modular or piecemeal approach, we have been developing a series of classroom
learning modules that can be easily integrated into existing chemical engineering curricula. The
key components of each module are: learning objectives, background information, example
problems and solution, as well as homework and design problems. 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.

G'69°cz abed



Due to the complex nature of the biofuel processes and students’ limited exposure to biofuel
technology, most students would feel incompetent in dealing with problems related to biofuel.
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 education. *° It has been
shown that computer-assisted instruction provides students with rapid inquiry-based learning
experiences, allowing students to proceed at their own pace and within their own schedule. "*3°
Visual learning — the use of graphics, images, and animations to enable and enhance learning —
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 stronger and deeper.
2021,222324.2526 This methodology also has the potential to increase the number of students in
science, technology, engineering, and math (STEM) fields, especially of women and minority
students. %*

The key components of the web modules include: glossary, process introduction, process flow
diagram, captured and animated process video clips, visual encyclopedia of equipment, reference
shelf, solved problems. While classroom modules focus on the fundamental aspects of biofuel
technology that are more suited to the current undergraduate chemical engineering curriculum,
the on-line 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
biofuel technology, but also get fresh stimulus in learning chemical engineering principles.
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 biofuel to
stimulate students’ interest in learning traditional chemical engineering principles.

3 Results

3.1 Classroom modules

We intended to develop eight classroom modules: four for Chemical Engineering
Thermodynamics class and four for Chemical Reaction Engineering class. Specifically, the

following four classroom modules will be developed for Chemical Engineering Thermodynamics:

e Module 1: Mass and Energy Balance for Batch and Continuous Gasification Processes
e Module 2: Equations of State for Biofuel Processes

e Module 3: Heat Effects in Biofuel Processes

e Module 4: Thermodynamic Analysis of Biofuel Processes

The following four classroom modules will be developed for Chemical Reaction Engineering:

e Module 1: Design Equations for Batch and Continuous Gasifiers.
e Module 2: Rate Laws and Stoichiometry for Various Biofuel Reactions
e Module 3: Design of CSTRs and Packed Bed Reactors (PBRs) for Biofuel Processes
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e Module 4: Multiple Reactions in Biofuel Processes

At the time this paper is being written, we have finished the development of three
thermodynamics modules and two reaction engineering modules.

An abridged version of a developed classroom module is provided in Figure 3 as an example.

As can be seen from Figure 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 is no textbook or even the course syllabus
change or addition 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. To give students a big
picture of the module, the “Background Information” section provides students with motivations,
process introduction, and fundamental principles and concepts involved, etc. In addition, the
“Web Module Links” point students to relevant web modules to promote active learning and
student engagement. Finally, for some modules, one or more comprehensive, open-ended design
problems will be provided.

3.2  Web modules

For the web modules, we have been developing a glossary, collections of commonly used
equipments, 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 terms used in the biofuel 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 is being written, we have included more than five hundred terms. This glossary
serves as an essential resource for students with little or no biofuel background.

We also have developed a collection of common equipment used in biofuel processes, namely
Visual Encyclopedia of Equipment, which includes a wealth of photographs, drawings, videos,
and descriptions of different equipments used in different biofuel processes, such as gasifiers,
pyrolyzers and reformers. This resource also serves as a tool to build up students’ biofuel
background. So far we have developed more than 30 equipment modules. Due to limited space,
we can only provide two snap shots as shown in Figure 4.

Besides individual equipment, we have developed the following seven web modules for different
biofuel processes:

1. Thermochemical conversion of biomass
2. Fischer—Tropsch process
3. Gasification
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[Module 3: Heat Effects in Biofuel Processes

[ Associated Sections in Selected Textbooks]

» Chemical Engineering Thermodynamics @9 sec. 4.1~4.7
+ Chemical, Biochemical and Engineering Thermodynamics (29 g, 44,6.4,7.7,85

[ Module Learning Objectives]

+ Describe and differentiate different heat effects

« ldentify the involved heat effects for a given process

» Compute the generated heat or heat transfer for a given process

+ Design heat transfer equipments by applying knowledge on different heat effects

[ Background Information]

Heat transfer is a common operation in the biofuel industry and heat effects are involved in almost all unit
operations of a biofuel plant. Consider, for example, the biomass gasification. Dry biomass burns at higher
temperatures and thermal efficiencies than wet biomass...

In this module, we apply thermodynamics to the evaluation of most of the heat effects that accompany physical
and chemical operations in a gasification process.

[ Example Problems]

Totally 12 example problems are provided to illustrate the calculation of different heat effects:

Sensible heat effects: Examples 1 & 2

Latent heat effects: Example 3

Standard heat of reaction: Examples 4 & 5

Standard heat of formation: Example 6

Standard heat of combustion: Example 7

+ Temperature dependence of AH®: Examples 8 & 9
Heat effects of industrial reactions: Examples 10-12

Example 1: Sensible heat effects
In an updraft gasifier (see Figure 2), moist biomass fuel is DrowAss —p
fed at the top and descends though gases rising through the I
reactor. Various physical and chemical processes occur in ;Dmng;m” -
the gasifier, see “Updraft Gasification” on the web module
for details.

Pyrolysis Zone

In the drying zone of an updraft steam-only gasifier, the gas
mixture from the lower zones (oxidation, partial oxidation
and pyrolysis) makes contact with biomass from the i
feeding chute. During the process, free moisture and cell-
bound water in the biomass are removed by evaporation. @)
The up-flowing gas mixture consists of 29% H,, 34% CO, =
17% CO,, 15% CH, and 5% H,0, all in mol %. If the heat
transfer in this process is 108 kJ/s, the up-flowing gas
mixture enters the heating zone at a steady rate of 350... Figure 2 Schematic diagram of an updraft gasifier
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[ Homework Problems)

Totally 10 homework problems are provided. (Solutions will be provided to instructors upon request.)

HW #2 (#+%):

A gas mixture of CO, CO, and H, at 500°C from a gasifier is fed to a reactor to produce methanol. The
following methanol synthesis reactions occur in the reactor:

CO (g) + 2H, (g) — CHZOH (g)

COz (9) + 3H2 (2) — CH30H (g) + H.0 (9)

The product stream leaves the reactor at 850°C. Its composition (mole fractions) is:
Yco, = 0.05  Yep,on =080  ypu,o =015

Determine the quantity of heat added to (or removed from) the reactor per mole of product gas.

[ Design Problems]

[A biomass rotary dryer design problem is omitted due to space limitation.]

Figure 3 An abridged version of the Module 3 for the thermodynamics class

Fermentation

Thermochemical conversion of biomass
Fischer—Tropsch process

Gasification

Fermentation

. Pyrolysis

10. Combustion

11. Liquefaction

© o Noe R

Each module includes a technical introduction of the process, the process flow diagram,
equipments or reactors, related videos and glossary terms, and references. Compared to a
classroom module, which extracts the same fundamental concepts, such as heat of reactions,
from different processes, a process web module is process oriented. In other words, it provides
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. Due to the
large amount of materials contained in each module, we omitted the snapshot here.

To enhance students’ visual learning, we have also developed the following nine animated
process video clips.
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Gas to Liquid process

Biomass to Liquid process

Coal to Liquid process

Four types of Fischer-Tropsch reactors
Five types of Gasifier

Process of Fermentation

Process of Pyrolysis

Process of Combustion

Process of Liquefaction

© oo Nk wNRE

The animated videos were created based on process flow diagrams, equipment illustrations, and
cutaway drawings. A video clip provides a vivid description of how a process operates, including
the flow of material streams, details of the reactions, energy exchanges, etc. Compared to verbal
descriptions, these videos provide students a more intuitive and dynamic view of the process,
which could significantly improve students’ understanding of a process. All videos are
accompanied with narrations and are shared on YouTube. Collectively, they’ve been viewed
more than 1,000 times in the past two months. In addition, we have also included more than two
dozen biofuel related videos developed by other organizations.

Finally, we have compiled a comprehensive reference list, which students can find additional
information and use for further study. The reference list includes hundreds of books, journal
articles and website links related to biofuel technology.

HOPPER FEEDER |

+ Conveyor

» Introduction

-

. Screener Feeder Conveyor

5. Dryer Feed Screw Conveyor Hopper Feeders provide the most efficdent and economical method of
conveying bulk materials such as biomass, with the ease of controlling feed
3. Radial Stacker Conveyor rate. Feeders satisfy a range of applications from light-duty food and
chemical to heavy-duty quarry applications in a cost effective way. For each
4. Gasifier Feed Screw Conveyor application a feeder is sized and equipped with various tooling and options
5. Ash Conveuors to suit. Most feeders consist of vibrating frame, spring, vibrator, moter

vibrating device and motor. The vibrator is made of two fixed eccentric
shafts whose gears are jogged. Through drive of the motor, the two

Dryer
¢ - eccentric shafts start rotating to produce a linear huge power which forces
1. Rotary Biomass Dryer the feeder to vibrate. Through .the vibration, the biomass ma.tena\s will slip
and sling on the funnel, moving forward, when the materials pass the
2. Cuclone Air Dryer screening part, smaller parts wil fall down, and avoiding the further

crushing, so screening purpose can be reached.
« Dryer Air Baghouse Filter

o Dump Truck with Scale

e Figures

« Front-end Loader
+ Gasifier
1. Updraft Gasifier
2. Downdraft Gasifier
Circulating Fluidized Bed Gasifier
Entrained Flow Gasifier
Plasma Gasifier

(@) (b)

Figure 4 Snap shots of Visual Encyclopedia of Equipment module: (a) an incomplete list; (b)
part of the Hopper Feeder page (more figures and videos were cut off).

vos W
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All the classroom and web modules are hosted on our recently established website
(www.BiofuelsAcademy.org), which is dedicated to chemical engineering undergraduate biofuel
education.

4  Conclusions

This work was motivated by the potential need of a technologically advanced workforce and
innovative researchers in the biofuel field. To address this need, we first identified the gap
between advanced biofuel research and undergraduate biofuel education in engineering. We then
introduced a modular approach to bridge this gap by creating educational materials that
systematically integrate biofuel education into chemical engineering curriculum. Specifically, we
have created a set of classroom modules by simplifying and decomposing complex biofuels
processes. Each classroom module focuses on one aspect of fundamental chemical engineering
principles, e.g., one chapter of a typical textbook, making it easy for wide adoption. To address
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 modules. We expect 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 biofuel technology.

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

In the proposed framework, the classroom 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.
Therefore, the basic concepts and fundamental principles are still from the textbooks and are
taught in the same way as in a traditional chemical engineering class. The examples and
homework problems provided 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 makes it easy for adoption are summarized in the
following table from both instructors’ and students’ points of view.
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Table 3 Advantages of the proposed modular framework for biofuel education

Features Benefits to instructors Benefits to students

Compatibility No textbook/syllabus change or addition Reduces psychological barrier

Modularity Independent modules/problems enable free Learning of one module will not nega-
choice of use tively affect their learning of others

Flexibility Easy to modify/add example/homework

Comprehensive Ample examples/homework to choose from  Ample examples to learn and ample

problem collection homework to exercise on

Solution availability  Solutions to examples/homework are Example solutions help develop strong
provided— no extra burden for instructors problem solving strategies and skills

Web modules Reduce classroom time spent on modules and  Provide additional resource and assistance
minimize disruption to existing curriculum that enhance student learning; encourage
because great details are provided in the self-learning; address different learning
corresponding web modules styles

5 Future work

We want to acknowledge that we do not have data to validate the effectiveness of the proposed
approach, including student reception of the material, meeting learning objectives, etc.. We plan
to integrate the biofuel learning modules, developed or to be developed, into two chemical
engineering core courses: thermodynamics and chemical reaction engineering. We will then
evaluate student learning outcomes and hope to contribute to the growing literature in
understanding what works and what doesn’t in engineering education. Once the learning
modules are refined, we will explore several avenues for wide dissemination, including
continuous update and improvement of our website, contacting other educators/professors,
journal papers, presentations/posters at conferences, etc.
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