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Exciting Times for Chemical Engineers

« Chemical Engineers' ability to apply systems-level thinking from molecular
to manufacturing scales uniquely positions them to address today’s most
pressing problems, including climate change and the overuse of resources
by a growing population.

« Chemical Engineering is highly interdisciplinary

« Chemical Engineering provides an excellent foundation for many career
paths; exciting and rewarding careers in various sectors.

Engineering
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Motivation for Study

« Conclusion from an American Institute
of Chemical Engineers (AIChE)
Roundtable: the field of chemical
engineering needs a new vision for the
21st century

* Need for a new “Amundson Report”

— Frontiers in Chemical Engineering
Research Needs and Opportunities (1988)
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Statement of Task

« Describe major advances and changes in chemical engineering over the past three
decades, including the importance and contributions of the field to society; technical
progress and major achievements; principal changes in the practice of R&D; and
economic and societal factors that have impacted the field.

« Address the future of chemical engineering over the next 10 to 30 years and offer
guidance to the chemical engineering community:

— Identify challenges and opportunities that chemical engineering faces now and may face in the
next 10-30 years, including broader impacts.

— ldentify a set of existing and new areas that offer promising intellectual and investment
opportunities, as well as areas that have major scientific gaps.

— ldentify aspects of undergraduate and graduate chemical engineering education that will require
changes.

— Consider recent trends in chemical engineering in the United States relative to international
research.
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Committee’s Approach to Task

« Committee first identified the major societal and environmental areas in
which chemical engineers have, or are likely to have in the future, the
largest impact:

— Energy — Manufacturing
— Food and Water — Materials
— Health and Medicine — Tools

« Information-gathering and chapter writing were structured around these
areas as well as chemical engineering education

Engineerin



General Recommendations for All Areas

* Interdisciplinary approach

« Cross-sector collaborations focused on pilot- and demonstration-
scale of innovations

The three sectors benefit significantly from
AIChE's crucial role in bringing them together

Federal
Agencies



Report Recommendation Areas

« Energy - Decarbonization of Energy Systems

« Food and Water - Accessible and Sustainable Engineering Solutions
for Environmental Systems

« Health and Medicine - Engineering Targeted and Accessible Medicine
« Manufacturing - Flexible Manufacturing and the Circular Economy

« Materials - Novel and Improved Materials for the 215t Century

« Tools to Enable the Future of Chemical Engineering

« Training and Fostering the Next Generation of Chemical Engineers

 International Leadership
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Decarbonization of Energy Systems

Carbon Dioxide Emissions and Atmospheric Concentration

(1750 -2020)
» Climate change is one of the most
pressing problems facing humans and “
the planet 1 ?

380 30

» Addressing climate change will require
the decarbonization of current energy

360 | 25
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« Chemical engineers can contribute to 0 | 0

decarbonization across the energy value 20| _'
chain 260 0
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year

Energy mix must change to meet climate targets
» Electrification - “clean” electrons
» "Blue” and “Green” Hydrogen
» Liquid Synthetic Fuels and Biofuels
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Decarbonization of Energy Systems

Sources Carriers Storage Carbon

Capture, Use,

» Advance solar * Re-imagine *Increase battery « Contribute to and Storage

technologies petroleum lifespans and advances in
refineries design for end-of- electric vehicles,
«Innovations in life disposal fuel cell engines,

shale oil and gas «Increase clean and internal * Design new
production hydrogen + Design batteries combustion solvents and
production that use earth- engines sorbent materials

« Contribute to abundant
biofuels «Increase elements «Reduce - New approaches

production and efficiency of emissions from to CO, conversion

lignin alternatives chemical cement, steel,

transformations and chemical
production
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Decarbonization of Energy Systems

Federal research investments:

— Advance low- or zero-carbon energy
technologies

— Minimize water use in energy systems
— Carbon capture, use, and storage

— Advance photochemistry

NATIONAL scences.
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Interdisciplinary, cross-sector
collaborations focused on pilot-
and demonstration-scale projects
for low-carbon energy
technologies
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Tools to Enable the Future of Chemical Engineering

Chemical engineers will need to navigate the interface between the natural
world and the data that describe it, as well as use the tools that turn data into
useful information, knowledge, and understanding.

* Federal and industry research Count of AIChE Annual Meeting Abstracts
investments: with Terms Related to Data Science
— Artificial intelligence, machine == Al (38 Servs)
. . machne kearming
learning, and other data science tools | %91 e ol networ
. . . ) artfical weeligerce

— Improving modeling and simulation 2004 — deep leaming /

and life-cycle assessment capabilities oo cnoenn

. . 100 4

— Developing novel instruments and /

Sensors 0] ———— —

2006 2008 2010 2012 2014 2016 2008 200
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Sustainable Engineering Solutions for
Environmental Systems

Chemical engineers bring both molecular
and system-level thinking to pioneering
efforts in this highly interconnected
water-food-energy space
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Sustainable Engineering Solutions for
Environmental Systems

*Advance separation and
treatment technologies

*Improve understanding of
interfacial layers
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*Improve per land area
crop yields

*Pioneer ammonia
production beyond
Haber-Bosch

*Develop applications for
agriculture and food
processing waste
streams

Air

*«Reduce emissions of

pollutants

* Advance mitigation
technologies

«Contribute to
fundamental
understanding of
aerosols

18



Sustainable Engineering Solutions for
Environmental Systems

 Federal research investments: * Interdisciplinary, cross-sector
collaborations focused on scale-up of

— Fundamental understanding of the _ _ _
Innovations In:

structure and dynamics of water

— Develop advanced separation and — Metabolic engineering

water treatment technologies — Bioprocess development
— Minimize the land, water, and nutrient — Precision agriculture
demanqls of agriculture and food — Food preservation, storage, and
production packaging
— Lab-grown foods
NATIONAL senees
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Engineering Targeted and Accessible Medicine

There are few areas of science and engineering in which the rate of progress
has been, and continues to be, more rapid than advances in biology and
biochemistry aimed at treatments and cures for human illness

Disease
Causation

Desired

e vt | 3| wesmarttn [ e, | Personalized Improving
Deviation Professional) |  Pion . — = M e d | C | n e T h e rap e u tl CS
;:st Diag! ic Tests
Feedback control paradigm for implementing personalized U nde rstand in g Mate riaIS,

medicine (Ogunnaike, 2019)

the Devices,
Microbiome Delivery
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Engineering Targeted and Accessible Medicine

Understanding Materials,
the Devices,
- Microbiome Delivery

— Personalized Improving
1 Medicine Therapeutics
S ¢

R =
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Engineering Targeted and Accessible Medicine

Genetically engineered
commensal bacteria

Personalized Improving

o, Medicine Therapeutics
-t |
) ; l(:) l
TUmEE e e Understanding Materials,
. _ e __ - the Devices,
Intestinal epithelium M i C ro b I O m e D e I ive ry

Engineered commensal bacteria as living therapy in the gut (Tan et al., 2020)
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Engineering Targeted and Accessible Medicine

| Ocular Delivery y f\ Surgical Implantation

| ol ' N
aT - P “cC)
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‘ Oral Delivery

¥*
/)

| Personalized Improving
Medicine Therapeutics

Transdermal Delivery

| )| -% ‘ Understanding Materials,
’» i I ﬂ Vaginal Delivery
@ E“f‘“i i “"‘.‘_ ‘,‘1 _________ T

% «l’"
25 % HIBE

Examples of biomaterials and their delivery routes
(Fenton et al., 2018)

the Devices,
Microbiome Delivery
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Engineering Targeted and Accessible Medicine

 Federal research investments in
biomolecular engineering:

— Advance personalized medicine and the
engineering of biological molecules

— Bridge the interface of materials,
devices, and health

— Improve the use of tools from systems
and synthetic biology to understand
biological networks and intersection
with data science and computational
approaches

— Develop engineering approaches to
reduce cost and improve health equity

N /\T I O N A L chiginncee;ing
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Interdisciplinary, cross-sector
collaborations focused on pilot- and
demonstration-scale projects for
advanced pharmaceutical
manufacturing processes
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Flexible Manufacturing and the Circular Economy

Chemical engineering as a discipline was founded in the need to deal with
heterogenous raw materials, especially petroleum, and this need will be
amplified in the transition to more sustainable feedstocks

FEEDSTOCK SOURCES FEEDSTOCKS

Feedstock Process

Flexibility Intensification

‘
Wil

(crops, trees, and residues)

Building Blocks, or
Intermediate Materials, or
Final Materials
(i.e.,Acrylates, Resins,
Surfactants, and Others)

|

z
|
i

(e.g hydrolysis, gasification, etc

i

Circular

BIOLOGICAL AND/OR CHEMICAL
TRANSFORMATIONS

Economy
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Flexible Manufacturing and the Circular Economy

Process

Feedstock

Flexibility

Circular

Economy

Sciences
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Reactive distillation in the electronics industry (Hussain et al., 2019)



Flexible Manufacturing and the Circular Economy

Feedstock Process
Flexibility Intensification

Circular
Economy

Flow of materials, nutrients, components, and products in a circular economy (EMF, 2019)
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Flexible Manufacturing and the Circular Economy

* Federal research investments:
— Distributed manufacturing
— Process intensification

— Improved product design and
recycling processes to transition to
a circular economy

NATIONAL scences.
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* Interdisciplinary, cross-sector
collaborations focused on pilot-
and demonstration-scale projects
in:

— Scaled-down and scaled-out
processes

— Process intensification

— Transition to sustainable
feedstocks
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Novel and Improved Materials for the 215t Century

Chemical engineers have a critical role to play in the discovery/development of new
materials and material processes from the molecular to macroscopic scales

Integration of theory, modeling, simulation, experiment, and machine learning is
accelerating the discovery, design, and innovation of new materials and processes

« Federal and industry research

Sequence-Defined Biological
Polymers Polymers

investments: =
— Polymer science and engineering [(@S}[ e J[ Pobme }m 4‘;3\
B Complex ﬂUIdS and SOft matter Degree of Sequence Complexity >

<4 Protein Engineering
Polymer Synthesis =

— Nanopatrticle synthesis and & ononoe
J/\r)/ )LI)WJQN%NW

assembly R

Increasing complexity in the synthesis of polymers (Rosales et al., 2013)

— Electronic materials
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Novel and Improved Materials for the 215t Century

« Federal and industry research
investments:

b Exchangeable ligands Synthetic hydrogel Reversible mechani

© Biomolecule ) Integrin  ~~[0 Bioactive ligan dI

— Polymer science and engineering

— Complex fluids and soft matter

— Nanoparticle synthesis and

assemb| Biological extracellular matrix and synthetic strategies
y (Rosales and Anseth, 2016)

— Biomaterials

— Electronic materials

Chemical engineering plays an essential role in advancing the development of biomaterials for
both regenerative engineering and organ-on-a-chip technology, and chemical engineering
principles are at the heart of understanding and improving targeted drug delivery both spatially
and temporally

ineerin
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Tools to Enable the Future of Chemical Engineering

Chemical engineers will need to navigate the interface between the natural
world and the data that describe it, as well as use the tools that turn data into
useful information, knowledge, and understanding.

* Federal and industry research Count of AIChE Annual Meeting Abstracts
investments: with Terms Related to Data Science
— Artificial intelligence, machine == Al (38 Servs)
. . machne kearming
learning, and other data science tools | %91 e ol networ
. . . ) artfical weeligerce

— Improving modeling and simulation 2004 — deep leaming /

and life-cycle assessment capabilities oo cnoenn

. . 100 4

— Developing novel instruments and /

Sensors 0] ———— —

2006 2008 2010 2012 2014 2016 2008 200
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Training and Fostering the Next Generation of
Chemical Engineers

50%

» The percentage of chemical
engineering degrees awarded to
women remains relatively
unchanged over the past decade

40%

30%

Percent degrees awarded

20% = — ;5 % :3
EERERREERERE
o & & | o
EEREERERRERE S |
10% 2 » The percentage of chemical
engineering degrees awarded to
09, Black, Indigenous, and People of
© @ O A LD LD Lk L5 L6 LA LS Color (BIPOC) is also relatively
TESESE S S S S S S unchanged h decad
ged over the past decade
ChemE Bachelars BME Bachelors All Eng Bachelors
- ChontPD  mm GVEFND | A EgPID
NATIONAL  ience
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Training and Fostering the Next Generation of

Chemical Engineers

Undergraduates

Attract more
women and
BIPOC students

Curriculum
Revisions

Effective Recruit and

Connections mentoring support

across the
core

Math and Opportunities
statistics into for societal
the core impact

Experiential
learning

and support transfer
structures students

AIChE
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Training and Fostering the Next Generation of
Chemical Engineers

Graduate Students

Attract more

Experiential Learning women and
through Internships BIPOC
students

Coordination
among Revise
Changes to universities, admissions
funding industry, criteria to
structures funding remove
agencies, barriers
and AIChE

Welcome
Training students

revisions

from related
disciplines
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Sponsors and Contributors ) 12

Professional Private Sector

DOE Biological and Environmental Research SOCISHES 4 Groups 29

DOE Office of Fossil Energy and Carbon Management Federal
DOE Advanced Manufacturing Office Sponsors
NSF Chemical, Bioengineering, Environmental, and Transport Systems

Universities

The American Chemical Society University at Buffalo ) ) ]

The American Institute of Chemical Engineers University of California, Berkeley The American Chemistry Council
University of California, Davis

Colorado School of Mines University of California, Los Angeles Arkema _

Georgia Institute of Technology University of California, Merced Bristol-Myers Squibb Company

Johns Hopkins University University of Delaware The Dow Chemical Company

Louisiana State University University of Florida DuPont de Nemours, Inc.

Massachusetts Institute of Technology University of Houston Eastman Chemical Company

North Carolina State University University of Maryland, Baltimore County ~ Evonik Industries

Northwestern University University of Michigan Exxon Mobil Corporation

The Pennsylvania State University University of Minnesota Honeywell International, Inc.

Princeton University University of Notre Dame PPG Industries, Inc.

Purdue University University of Texas at Austin The Procter and Gamble Company

Rice University University of Virginia Shell Global

Texas A&M University University of Wisconsin

University of Arkansas West Virginia University
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Community Input

 The committee met 42 times to gather information, deliberate,
and write

— 27 meetings had a session open to the public and included over
60 guest speakers (see report Appendix D)

« Town hall-style session at the 2019 AIChE meeting and
participated in a meeting of the AIChE Virtual Local Section

« Broadly distributed questionnaire for input on the future of the
discipline (summarized in report Appendix C)

Engineering
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