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The well-being of future generations will depend to a large extent on how we educate our future
engineers. These engineers will be a new breedÐdeveloping and using sustainable technology,
benign manufacturing processes and an expanded array of environmental assessment tools that will
simultaneously support and maintain healthy economies and a healthy environment. The impor-
tance of environment and sustainable development considerations, the need for their widespread
inclusion in engineering education, the impediments to change, and the important role being played
by ABET, and several other signs of progress are presentedÐincluding the Twelve Principles of
Green Engineering.

BACKGROUND AND INTRODUCTION

THIS BRIEF is rooted in addresses delivered at a
University-Industry Colloquium in 1991and at the
Green Engineering Conference in July 2001 [1, 2].
Later in 2001, work began on a proposal to close
the environmental literacy gap that exists in most
of our nation's engineering programs [3]. The
proposal effort provided valuable insights and
eventually led to a renewed campaign for systemic
engineering education reform [4, 5] that must
address the following frequently asked questions:

. Why is the large change such as that implied by
`systemic engineering education reform' needed?

. Why can't incremental change make the
required changes on an appropriate time scale?

. Why do we need to recognize leadership and
systemic change in engineering education now?

Answers to these questionsÐhighlighted in refer-
ences 4 and 5Ðcontinue to be critical to an under-
standing of the need. Above all, engineering
graduates need to be much better prepared for
the 21st-century engineering workplace. According
to Rosalind Williams [6]:

The convergence of technological and liberal-arts
education is a deep, long-term and irreversible trend.
Students need to be prepared for life in a world where
technological, scientific, humanistic and social issues
are all mixed together.

Numerous articles, papers, books, workshops and
conference proceedings have made a compelling
case for systemic engineering education reform.
Among these are the recent calls for change by
the National Academy of Engineering (NAE)
leadership [7]. Notwithstanding the numerous earl-
ier calls for action, increasing competition from

alternate service providers, as well as student-pipe-
line and job-security issues, resistance to change
continues unabated. Nevertheless, there have been
recent signs of progress, particularly with respect
to environmental and sustainability considera-
tions. All of this formed the basis for an invitation
to provide a keynote address to the engineers,
scientists and educators attending the Quantum
Sensing and Nanophotonic Devices Conference at
the 2004 SPIE Integrated Optoelectronic Devices
Symposium.

THE IMPORTANCE OF SUSTAINABLE
DEVELOPMENT

But why should there be emphasis on environ-
mental considerations and sustainable develop-
ment? Here's why. Evidence abounds that we are
reaching the carrying capacity of the earthÐenga-
ging in deficit spending if you will [8]. The amount
of crops, animals and other biomatter we extract
from the earth each year exceeds what the earth
can replace by an estimated 20%. Additionally,
signs of climate change are precursors of things to
come. What's more, global industrialization and
the new technologies of the 20th century have
helped to stretch the capacities of our finite natural
system to precarious levels. Taken together, this
evidence reflects a fraying web of life.

Numerous organizations and efforts have cited
the importance of sustainable development. For
example, the National Science Board began its
report [9], Environmental Science and Engineering
for the 21st Century, with the statement, `Within
the broad portfolio of science and engineering for
the new century, the environment is emerging as a
vigorous, essential and central focus . . . The
environment is no longer simply a background
against which research is conducted, but rather* Accepted 24 June 2004.
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the prime target for increased understanding' Over
the years, the NAE has conducted a series of
industrial ecology workshops and related studies
with numerous publicationsÐall with the aim of
illuminating the relationship between technology,
economic growth and the environment.

Amory B. Lovins, the CEO of Research at the
Rocky Mountain Institute, is a master of innova-
tion in energy efficiency [3]. He and his co-authors
expand on the subject in their book [10], Natural
Capitalism: Creating the Next Industrial Revolu-
tion, claiming that most businesses still operate
according to a worldview that has not changed
since the start of the Industrial Revolution when
natural resources were abundant and labor was the
limiting factor of production. They go on to
explain how the world is on the verge of a new
industrial revolution wherein business and envir-
onmental interests will increasingly overlap, and in
which companies can improve their bottom lines
while helping to solve environmental problems and
foster the innovation that drives future improve-
ment.

These, and other efforts, provide a wake-up call
for our engineering programs to guide students to
a basic understanding of environmental impact on
design. They also provide examples and many
openings for dialogue and debate on both the
extent and the manner in which the concepts of
sustainable development and sustainable business
practice can be integrated into the curriculum of
our engineering programs. Clearly, engineering
and its technological derivatives can help remedy
environmentally related problems. However,
although sustainable development and natural
capitalism can work to reverse ominous trends,
we are often still wedded to the notion that
environmental conservation and economic devel-
opment are the `players' in a zero-sum game. So
the well-being of future generations will depend to
a large extent on how we educate our future
engineers . . . engineers who can transcend this
false notion. These engineers will be a new breedÐ
developing and using sustainable technology,
benign manufacturing processes and an expanded
array of environmental assessment tools that will
simultaneously support and maintain both a
healthy environment and economy.

THE IMPEDIMENTS TO CHANGE

Experience teaches that achieving change via
engineering education reform presents a formid-
able challenge. This should come as no surprise
given academe's bias toward preservation of the
status quo. It is part of the overarching challenge
of change, faced by universities and colleges
throughout our nation, as described by Jim Duder-
stadt in his comprehensive analysis of the issues
and the need for a new paradigm [11].

The integration of new concepts and materials
can best be described as disruptive educational

`product' innovation. Engineering education inno-
vators are thus faced with the innovator's
dilemmaÐaptly described by Clayton Christensen
[12]. So what's the dilemma? Simply stated, it is the
fact that educational products in this vital area do
not represent the coin of today's academic realm.
Put another way, they do not fit the present-day
rewards and recognition systems that are driven by
publications and research funding. According to
John Ehrenfeld [13], universities must overcome
strong disciplinary barriers, jealousies and their
own political dynamics, as well as enter into a
broad discourse among all the players. He also sees
the need to reconstruct the disciplines in a way that
mimics the seamless web of the very world we are
attempting to understand. And that's not all.

Many of our research-intensive universities are
faced with financial pressures while the where-
withal to make the change rests mostly with
those who oppose the change in the first place.
There has been strong resistance to embedding
additional requirements in the ABET criteria.
Tenure-protected faculty, along with like-minded
deans, associate deans and department heads,
could rise as a major obstruction to changeÐ
serving as endangered species of academic foxes
guarding the engineering-school henhouse.
Perhaps, the greatest impediments to change are
inertia and time . . . time to work on the important,
as opposed to the day-to-day, time-consuming,
`urgent.'

SIGNS OF PROGRESS

There are signs of progressÐencompassing the
work at ABET and pacesetting schools of engin-
eering, the initiation of the Campaign for Systemic
Engineering Education Reform (a.k.a. the SEER
Campaign), faculty work on program evolution,
and other important related efforts. There follows
a brief summary of `what's going on'.

ABET closing the environmental literacy gap
In the early 1990s, ABET's first Industry Advi-

sory Council called upon ABET to bring about a
major paradigm shift in engineering education. We
recommended a set of Accreditation Process Prin-
ciples, Concepts and Supporting Strategies that
later helped form the basis for the Programs
Outcomes and Assessment component of ABET
Engineering Criteria 2000 (ABET EC 2000). The
Principles called for the `understanding of and
work toward sustainable development, safety
and environmental impact'. The wording of the
Accreditation Process Principles was subsequently
generalized so the present criteria do not reflect the
emphasis that we placed on environmental consid-
erations. Nevertheless, the ABET EC 2000 criteria
provide a mechanism that can be used to drive as
well as enable change in this and other areas.

ABET EC 2000's present criteria are open to an
interpretation that can permit an environmental
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literacy gap to exist in our engineering programs
and disciplines [3]. An effort to close the environ-
mental-literacy gap was initiated in the fall of 2001
[3]. The National Council for Science and the
Environment (NCSE), Northwestern University,
Virginia Tech and the Accreditation Policy Coun-
cil of the IEEE Educational Activities Board
endorsed a related proposal while personal endor-
sements and commentaries came from academe
and industry [14].

ABET Engineering Criteria have now been
marked up with revisions, proposed by the IEEE,
that were accepted by the ABET Board of Direc-
tors at their meeting this past November. If the
revised Engineering Criteria are approved on
second reading at the Board's fall meeting in
2004 they will be applicable for visits commencing
in fall 2005. Engineering programs must then
demonstrate that their students attain an ability
to design a system, component, or process to meet
desired needs within realistic constraints such as
economic, environmental, social, political, ethical,
health and safety, manufacturability and sustain-
ability, as well as demonstrate the broad education
necessary to understand the impact of engineering
solutions in a global, economic, environmental and
societal context.

Looking further to the future, resistance to
ABET oversight and accountability notwithstand-
ing, the outcomes based structure of ABET EC
2000, coupled with its call for greater documented
involvement of engineering education `constituen-
cies', provides a key for change and for keeping the
change fresh on a program-by-program basis. A
strong, credible and respected ABET organization
can play an essential role in the realization of
systemic engineering education reform. The
ABET Industry Advisory Council can support
industry representatives on the various ABET
committees and commissionsÐidentifying what is
needed and insisting that change occurs.

Pacesetting programs
It has been suggested that the 4-year, under-

graduate engineering education is a dinosaur and
that Draconian action is requiredÐstarting with a
clean slate by eliminating all specialized engineer-
ing majors, particularly at the undergraduate
levelÐso as to stimulate debate and thought to
shake up and transform engineering education.
Although this may very well be true in theory, I
believe that a `flash-cut' approach is undoable.
Change will most likely occur incrementally. A
number of engineering schools have made signifi-
cant changes and have developed innovative
approaches in their undergraduate programs [15].
If undergraduate engineering education is indeed a
dinosaur, then Northwestern's Engineering First,
Drexel's E4 Program along with the updated en-
gineering education programs at Harvey Mudd,
WPI, Notre Dame, UC-Boulder and Rose-
Hulman are a few examples of excellent transition-
ing programsÐpoints of lightÐthat can illuminate

paths to the future. These pacesetting programs
have not only proved to be doable, but they can be
made even better. Taken together, the proven
methodologies and knowledge gained should
make it possible for most engineering schools to
devise revitalization programs that fit the context
of their institution, its student body, faculty and
objectives.

The SEER Campaign: an evolving story
In a nutshell, engineering education reform is all

about educating the stakeholders and motivating
them to play their respective roles. To this end, the
International Engineering Consortium published a
trilogy on engineering education reform as a
service to academia, government and industry. Its
widespread distribution has been facilitated via
publication by the ASEE and the IEEE [16], as
well as by Website access and distribution at
various conferences and workshops. The Trilogy
is now serving as a white paper for the SEER
Campaign. An article in THE BENT of Tau
Beta Pi [5], encapsulated important aspects of the
TrilogyÐproviding an introduction to the SEER
Campaign to some 90,000 members of the Tau
Beta Pi engineering honor society. A plenary
address at an NSF Engineering Education Coali-
tion's Conference [17] focused on the multiple
time-related dimensions of reform efforts while a
brief [18], covering work on reform in intercollegi-
ate athletics and engineering education, was
released for publication December 2003.

Discussion of SEER Campaign aims has been
planned for the various stakeholders in the future
of engineering educationÐincluding academic
administrators, faculty, students, parents, profes-
sional societies, as well as industry and government
leaders. This distribution represents a crosscutting,
bottom-up/top-down approach to promoting
debate of the issues surrounding systemic engin-
eering education reform. Thus far, contact has
been made with over sixty institutions, organ-
izations and professional societies.

Program evolution
Work by faculty is progressing in various disci-

plines to resolve the problem of how best to address
the challenges of preparing students for leadership
and success. They are seeking to determine what to
include in an already full curriculum as well as in
time-expanded engineering programs. For ex-
ample, this past April, Linda Vanasupa, the chair
of the Academic Affairs Committee of the Materi-
als Science and Engineering Society presented a
conference paper that addressed the challenge of
adjusting materials science and engineering curri-
cula to integrate environmental concepts [19]. Also,
for about the past twenty years, it has been
contended that the proper education of profes-
sionals requires a pre-professional baccalaureate
program. This pre-professional program would be
followed by a practice-oriented Master of Engin-
eering degree program, possibly as only a first step
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in an evolution over time to the Doctor of Engin-
eering as the only accredited engineering degree.
Work is heating up in this area as well [20±23].

The NAE's four-part strategy
The NAE announced the establishment of a

Center for the Advancement of Scholarship in
Engineering Education (CASEE), with Norman
Fortenberry as Director, in September 2002Ð
capping a commendable effort to raise the promi-
nence and effectiveness of engineering education.
One of the purposes of CASEE is to provide the
education research base that will support systemic
reform of engineering education. During the 1999±
2001 period, the NAE established a Committee on
Engineering Education, expanded its criteria for
membership to more fully recognize contributions
to engineering education, and established the
Bernard M. Gordon Prize for Innovation in En-
gineering and Technology Education, a $500,000
award to emphasize the importance of education
to the future of engineering.

The expansion of the criteria for NAE member-
ship is a most encouraging first step. In February
2004, the NAE announced Drexel Professor Eli
Fromm's election to membership with a citation
specific to education. Hopefully, this breakthrough
event will allow other deserving candidates who
have made outstanding contributions to engineer-
ing education to follow in Dr. Fromm's footsteps.
It has been suggested that the NAE give considera-
tion to recognition of engineering education as a
principal branch of NAE engineering activityÐ
assuring a sustainable election process for worthy
candidates, thus focusing the attention of the
academic community on the high value the NAE
places on engineering education [16]. It has also
been suggested that the NAE help facilitate the
development of a strong, credible and respected
ABETÐencouraging the ASEE Engineering
Dean's Council, engineering professional societies
and other appropriate groups to follow the NRC
recommendation to work with ABET in its reas-
sessment of accreditation criteria.

The NSF coalitions and new centers
Through cross-coalition collaboration, the NSF

Engineering Education Coalitions developed intel-
lectual exchange and resource links among under-
graduate engineering programs. Annual Share the
Future conferences were initiated in 2000. These
conference workshops have centered on topics
relevant to NSF Coalition goalsÐproviding the
extended engineering education community an
opportunity to share in the research findings and
experiences of the Coalitions.

The NSF-sponsored Center for the Advance-
ment of Engineering Education (CAEE) opened
in January 2003 with an initial five years of
support. The University of Washington serves as
the director of the Center that also includes
Stanford University, Howard University and
Colorado School of Mines. CAEE will pose and

answer basic questions about how students learn
engineering, how to support faculty learning about
and adopting more advanced teaching methods,
and how to foster the development of future
generations of engineering education researchers,
as well as leaders and change agents in engineering
education.

The NSF also announced the Center for the
Integration of Research, Teaching and Learning
(CIRTL). A five-year grant will allow CIRTL to
focus on questions surrounding Science, Technol-
ogy, Engineering and Mathematics (STEM) Ph.D.
education as well as the integration of teaching
into this education. CIRTL is a collaboration of
STEM faculty and education researchers at the
University of Wisconsin-Madison, Michigan State
University and Pennsylvania State University that
will work to develop a future national STEM
facultyÐenabling all students to achieve STEM
literacy, teaching that enhances recruitment into
STEM careers, and leadership that ensures the
continued advance of STEM education. CIRTL
will treat the improvement in teaching as a
research problem and may very well change the
way science and engineering are taught.

Some important related efforts

. Professional Societies. The work done by the
Technical and Educational Activities Commit-
tees of the various Engineering Societies has
been encouraging. The civil engineering profes-
sion is taking a leadership role. In 2001, the
American Society of Civil Engineers (ASCE)
approved a policy stating that ASCE supports
the concept of the Master's degree or equivalent
as a prerequisite for licensure and the practice of
civil engineering at a professional level. All have
the opportunity and the wherewithal to develop
traction to help propel the engineering commu-
nity along the arduous path to commonplace
industrial and academic practice of sustainable
and environmentally conscious engineering as
well as to professional-level degrees.

. Engineers Forum on Sustainability. This forum is
co-sponsored by the American Society of Civil
Engineers (ASCE), the American Society for
Engineering Education (ASEE), and the Amer-
ican Institute of Chemical Engineers (AICE).
The mission of the Forum is to help promote
the principles and practice of sustainability via
interdisciplinary discussion and the exchange of
information; identifying and distributing infor-
mation on engineering education programs that
incorporate sustainability; encouraging practi-
cing engineers to apply the principles of sustain-
ability and participate in sustainability
programs and activities at local, regional and
national levels, and keeping abreast of and shar-
ing information on international developments
that can contribute to global sustainability.

. EPA P3 Award Program. This program is
focused on people, prosperity and the planet.
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It is a national competition that will provide
grants of up to $10,000 for as many as 50 teams
of students and research, design and develop-
ment sustainability-based projects [23]. Its aim is
to aid in the training of the next generation of
scientists and engineers who will need to meet
the challenge of developing new products and
processes while at the same time protecting the
environment and conserving natural resources;
see the EPA Website at www.epa.gov for details.

. The Twelve Principles of Green Engineering.
There is a growing focus on the twelve principles
espoused by Paul Anastas and Julie Zimmerman
[24, 25]. As explained in the cited references, the
principles (listed in the Appendix) provide a
framework for designing new materials, pro-
ducts, processes and systems that are benign to
human health and the environmentÐmoving
beyond baseline engineering specifications for
quality and safety to consider life-cycle environ-
mental, economic and social factors as well.

CONCLUDING REMARKS

There can be many paths leading to the future of
engineering education depending upon the starting
point, e.g., large research universities vs. small
and medium sized non-Ph.D. granting colleges/
universities and early adopters vs. the laggards in
adopting the new paradigm for engineering educa-
tion. The fact that there is no `one-size-fits-all'
transition paradigm, contributes to the challenge
to change. Nonetheless, pacesetting engineering
schools, engineering department heads associa-
tions, societies and organizations, as well as indi-
vidual faculty members, government and business
leaders can play significant roles in bringing about
reform.

It is expected that commonplace practice of
sustainable development and business practice
will evolve over time. The key to this evolution is
expected to be the growing awareness by the
financial and investment communities of the
intrinsic value of achieving maximum long-term
economic gain and minimum overall environmen-
tal impact as `blueprinted' in Lovin's Natural
Capitalism. Businesses will then exert an ever-
increasing demand for engineering graduates
conversant with environmental issues and econom-
ics and, most importantly, engineers skilled in
systems thinking and in related design and manu-
facturing practices via application of the Twelve
Principles of Green Engineering. ABET can play a
vital role in this area. However, it will not be easy,
and, to be sure, there are no guaranteesÐonly time
will tell the outcome.

Finally, the formidable challenge to change in
our engineering education system demands no less
than a formidable and coordinated response as
well as able and respected leadership. The NAE
has the wherewithal and is well positioned to
provide this response, as well as to provide requi-
site leadership by example. It would be a credit to
the Academy, and a boon to engineering education
reform, if it would work to help enable the wide-
spread implementation of the changes needed in
our engineering education systemÐhelping to
motivate and mobilize the stakeholders in engin-
eering education to address the challenge to
change. The stakeholdersÐacademic administra-
tors and faculty members, ABET, government
policy makers and agency program managers,
and professional society as well as industry
leadersÐshould see this as a clarion call to
action on their parts as well. Our nation's future
engineers deserve no less than an affirmative as
well as enthusiastic response.
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APPENDIX

The twelve principles of green engineering
1. Designers need to strive to ensure that all material and energy inputs and outputs are as inherently non-

hazardous as possible.
2. It is better to prevent waste than to treat or clean up waste after it is formed.
3. Separation and purification operations should be designed to minimize energy consumption and

materials use.
4. Products, processes, and systems should be designed to maximize mass, energy, space, and time

efficiency.
5. Products, processes and systems should be `output pulled' rather than `input pushed' through the use of

energy and materials.
6. Embedded entropy and complexity must be viewed as an investment when making design choices on

recycle, reuse, or beneficial disposition.
7. Targeted durability, not immortality, should be a design goal.
8. Design for unnecessary capacity or capability (e.g., `one size fits all') solutions should be considered a

design flaw.
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9. Material diversity in multi-component products should be minimized to promote disassembly and value
retention.

10. Design of products, processes and systems must include integration and interconnectivity with available
energy and materials flows.

11. Products, processes and systems should be designed for performance in a commercial `afterlife.'
12. Material and energy inputs should be renewable rather than depleting.
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