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Introduction
he quality of modern life depends on the availability

I of vast amounts of energy and an array of products
provided by the chemical industry. Chemical proc-
esses provide products and materials used in health care, con-
sumer products, transportation, agriculture, food processing,
electronic materials, and construction. Highly energetic, glob-
ally transportable fuels are an essential element of global
transportation and distribution systems. Yet, these same
chemical processes and fuel systems that provide products
essential for modern economies, like all engineered systems,
consume resources and have environmental impacts. Growing
demand for energy, food and materials have put increasing
pressure on air and water, arable land, and raw materials.
Concern over the ability of natural resources and environ-
mental systems to support the needs and wants of global pop-
ulations, now and in the future, is part of an emerging aware-
ness of the concept of sustainability.

Sustainability is a powerful, yet abstract, concept. The
most commonly employed definition of sustainability is that
of the Brundtland Commission report—development that
meets the needs of this generation without compromising the
ability of future generations to meet their needs." However,
a search on the definition of sustainability will return many
variations on this basic concept. For example, the 2006
National Research Council report on Sustainability in the
Chemical Industry® defines sustainability as “a path forward
that allows humanity to meet current environmental and
human health, economic, and societal needs without compro-
mising the progress and success of future generations”. In
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engineering, incorporating a concern about sustainability into
products, processes, technology systems, and services gener-
ally means integrating environmental, economic, and social
factors in the evaluation of projects and designs. This can be
referred to as ‘“‘sustainable engineering’, but other terms
have also been used; green engineering, design for environ-
ment, pollution prevention, eco-efficiency and a variety of
other terms.

To grasp the magnitude of the sustainability challenge, it is
useful to invoke a conceptual equation that is generally attrib-
uted to Ehrlich and Holdren.® The equation relates impact (I),
to population (P), affluence (A), and technology (T)

I=PxAxT

This conceptual relationship, commonly referred to as the
IPAT equation, suggests that impacts, which could be energy
use, materials use, or emissions, are the product of the popu-
lation (number of people), the affluence of the population
(generally expressed as gross domestic product of a nation
or region, divided by the number of people in the nation or
region), and the impacts associated with the technologies
used in the delivery of the affluence (impact per unit of
gross domestic product). For example, if the IPAT equation
were used to describe energy use in the United States, then /
would represent energy use per year, P would represent the
population of the United States, A would represent the an-
nual GDP per capita, and T would represent the energy use
per dollar of GDP.

While the IPAT equation should not be viewed as a math-
ematical identity it can be used to assess the magnitude of
the challenges that our societies face in material use, energy
use and environmental impacts. By estimating growth in
population and affluence, we can get an indication of the
amount by which use of energy, use of materials, and emis-
sions might increase over the next several decades, if our
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technologies were to remain static. Estimates from the United
Nations* suggest that world population will increase at the rate
of 1-2% per year until peaking at somewhere near 10 billion,
over the next century. Affluence, as measured in economic
output (e.g., gross domestic product) is growing in some
regions of the world by 8-10% per year. On average, world-
wide, affluence is growing by roughly 2-4% per year, depend-
ing on economic conditions. If these trends continue for sev-
eral decades, then compounded growth would lead world eco-
nomic output (P * A) to increase by 50% in 10 years, by 300%
in 25 years, and by more than a factor of 10 in 50 years.

Invoking the IPAT equation, the implications of population
and economic growth are that, if technology were to remain
static, energy use, material use, and environmental impacts will
grow 10-fold over the next 50 years. Reducing the impacts of
technology (7 in the IPAT equation) by an order of magnitude
will be necessary if the world is to support 10 billion people, all
aspiring to better living standards. Reducing energy use, mate-
rial use and emissions will be a central challenge for engineers
of the 21st century. Engineers will need to develop and master
technical tools that will integrate the objectives of energy effi-
ciency; materials efficiency and reduced environmental emis-
sions into design decisions and engineers will be driven to cre-
ate entirely new modes of production.

There is evidence that use of sustainability indicators is al-
ready increasing in engineering practice. Professional organi-
zations, such as the American Institute of Chemical Engineers
(AIChE), are developing indices to assess corporate perform-
ance in sustainability.’ Programs such as LEED® building rat-
ings,® and Energy Star,” and other product labeling programs
are growing in prominence as differentiators in the market-
place. Some sustainability performance standards, such as
those for renewable fuels,m are barriers to market entry.

Engineers will be increasingly called upon to incorporate
sustainability concepts into their designs, and in doing this, to
invent the sustainable chemical and energy products of the
future. However, if engineers are to design for sustainability
what will their tools be? What is the body of knowledge for
sustainable engineering? Design tools that allow engineers to
improve energy efficiency, improve mass efficiency, and
reduce emissions are certainly part of the tool set engineers
will need. However, these are not entirely new tools for engi-
neers. Energy and mass efficiency are objectives that have
always been included in engineering design. What is new is
the need to systematically and simultaneously incorporate eco-
nomic, environmental and social objectives into engineering
designs, at multiple scales. These tools and skills will be
increasingly important, and challenging to apply, as chemical
engineers operate in diverse global environments, with varying
social perspectives and environmental priorities.

The remainder of this perspectives article will define a
body of knowledge and a set of tools for sustainable engi-
neering, and describe how this material could be incorpo-
rated into chemical engineering education, for both students
and practicing engineers.

A Body of Knowledge and the Tools of
Sustainable Engineering

Over the past decade, sustainability concepts and tools for
sustainable engineering have begun appearing in engineering
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curricula. Murphy et al.'' found that the overwhelming ma-
jority of engineering programs in the United States have
some content related to sustainability and documented the
body of knowledge covered in over 150 engineering courses
on green engineering or sustainability.'' Based on syllabi for
the courses described in this inventory, as well as the mate-
rial covered in the most commonly used texts identified in
the inventory,'>'® three major elements to the body of
knowledge can be identified: Framing the challenge; assess-
ment and design, and systems perspectives. These elements,
along with possible methods for including these elements in
chemical engineering curricula, are described in more detail
following.

1. Framing the challenge: Few chemical engineers have
been exposed, in a structured manner, to the basic concepts
associated with sustainability. Coverage of these issues
should include some or all of the following: Introduction to
sustainable development concepts, trends, and industry per-
spectives, a characterization of the scale of sustainability
challenges (e.g., using the IPAT equation described earlier in
this Perspectives article), an introduction to national and
global patterns of energy, water and material supplies and
use, an introduction to emissions and their impacts, and
some coverage of critical earth systems (global element
cycles (C, N, etc.) and ecosystem function and pollutant
assimilative capacity). Other topics to cover might include
the network of regulations that place constraints on engineer-
ing designs.

This broad scope of introductory material should be struc-
tured around organizing principles. Two potential organizing
principles are the risk based frameworks used in many envi-
ronmental regulations and emerging life cycle (cradle to
grave or raw material extraction to disposal) frameworks.

2. Assessment and design: Once the framework for defin-
ing sustainability challenges has been established, tools for
assessing and improving the sustainability of engineering
designs can be examined. For chemical engineers, these tools
are applied at the molecular, unit operation and flow sheet
level. Assessment tools most frequently quantify the energy
use, water use, material use and emissions associated with
designs, although some emerging frameworks also consider
corporate and social performance metrics, as shown in Fig-
ure 1.>'77' The assessments can include tools that partially
monetize the sustainability measures.

Design toolkits take a variety of forms. One approach to
developing a toolkit for engineers designing for sustainability
has been to generate lists of guiding principles. For example,
the “Hannover Principles™ express the view that human sys-
tems must be designed to coexist with natural systems,
renewable resources should be used, safe and long-lived
products are desired, and elimination of waste is a priority.?
The Augsburg materials declaration?' identifies eight factors
that must be considered to achieve sustainable production
including: integration of environmentally benign design,
materials and manufacturing over all stages of the life-cycle;
optimization and exploitation of raw materials and natural
resources; energy efficient production technologies and prod-
uct distribution; regenerative energy sources; and durability,
recyclability and closed loops. The “12 Principles of Green
Engineering”22 include inherently safe and benign, design
for recycle or a commercial after life, energy and mass
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Figure 1. Sustainability performance indicators, developed
as an index of performance of global chemical
companies by the Institute for Sustainability of the
American Institute of Chemical Engineers.>

efficiency, and integration with existing energy and material
flows. The Sandestin Green Engineering Principles, devel-
oped as an outcome from a multidisciplinary engineering
conference, emphasized the need for holistic thinking and
the use of environmental impact and integrative analysis
tools such as life cycle assessment.”>** The Sandestin Green
Engineering Principles (also referred to as “Sustainable En-
gineering Principles”?’) was developed based on a starting
list of principles compiled from available sustainability or
green engineering principles and declaratory statements
including the Hanover Principles, CERES, Augsburg Materi-
als Declaration, the Twelve Principles of Green Chemistry,
Ahwahnee Principles, and Earth Charter Principles.
Examples illustrating the quantitative application of each
of the guiding principles, applied to material properties, unit
operations and flow sheets have been developed (e.g., the
use of heat integration (pinch) technology applied to flow
sheets to achieve energy efficient production). Examples are

available in Allen and Shonnard'? and at the US Environ-
mental Protection Agency’s green engineering website.”’

These guiding principles can be a useful start, but eventu-
ally most chemical engineering designs will involve creating
new materials or processes and quantitative analyses of ma-
terial properties, unit operations and flow sheets. Computer-
aided tools can help in these analyses when used in a coordi-
nated and hierarchal fashion, as shown in Figure 2. These
tools can aid in analyses over a range of scales, from molec-
ular, to process level, to large-scale environmental systems.

3. Systems perspectives: Awareness that engineering
designs are a system, embedded within systems, is a critical
concept in sustainability education. Figure 3 illustrates the
types of system scales that frequently impact, and are
impacted by, engineering designs, using mobility systems as
a case study. As shown in Figure 3, the personal device that
is used to provide mobility in North America is the automo-
bile. One method of incorporating sustainability into engi-
neering design is to assess environmental and social impacts
of decisions affecting the design of a new automobile (e.g.,
choice of paint type, or chassis and engine materials). At a
larger scale, sustainability concepts can be incorporated into
automotive design decisions involving the recyclability of
the vehicle. At even larger scales, the impact of automobile
design (e.g., gasoline or electric power) on fuel industries
and road construction can be considered. Finally, the overall
sustainability of mobility systems is also influenced by and
influences the design of homes, communities and workpla-
ces. These scales of design can be referred to as gate-to-
gate, cradle to grave, interindustry interactions (e.g., interac-
tions between fuel, automotive and roadway design) and
extraindustry interactions (e.g., interactions between mobility
and community design).

Providing a systems perspective, in the context of engi-
neering for sustainability, means understanding that all of
these scales impact engineering design decisions, often in

Environmental Fate Chemical Process Chemical Process Models
Properties Properties e simulation

o databases * thermodynamics « waste generation

* estimation * reactions and release

® transport J

Hierarchical Design Environmental Fate )
e early Tier 1 Environmentally- Models
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Process Optimization
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Environmental Impacts
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Figure 2. Computer-aided tools for environmentally-conscious design (E-CD) of chemical processes.?®
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Figure 3. The technological-social system of the automobile
exists in multiple layers; design decisions made in
any of the layers shown influence decisions in all
other layers.?®

complex ways. For example, societal decisions requiring
renewable fuels will influence the types of fuels that automo-
biles must be able to accept. Similarly, the range of travel
between refueling stops that automobiles can provide will
influence location and design of communities. In current en-
gineering courses, the gate-to-gate and cradle-to-grave sys-
tem scales are the primary focus.''* Systems analysis tools
such as life cycle assessments and material flow analyses are
frequently covered. In contrast, interindustrial and extrain-
dustrial topics are covered far less frequently in current cur-
ricula, yet an understanding of these larger scale phenomena
can be very important in some applications.

As a contemporary case study of the potential importance
of interindustrial and extraindustrial scales on engineered sys-
tems, consider issues associated with the use of hydraulic
fracturing to produce natural gas, condensate, and in some
cases, oil. Hydraulic fracturing of shale formations (shale gas)
is projected by the Energy Information Administration to
become the dominant source of domestic natural gas supply
over the next several decades,* potentially transforming the
nation’s energy landscape. However, the environmental
impacts associated with “fracking” for shale gas have made it
controversial in some communities, and some communities
are seeking to ban it.>' Particularly controversial are the
impacts of hydraulic fracturing on water use and water qual-
ity. The U.S. Environmental Protection Agency, at the direc-
tion of Congress, is examining the role of hydraulic fracturing
on drinking water and groundwater.32 Results from the first of
these case studies are being released as this article is being
written.® Air emissions associated with hydraulic fracturing
are also a concern. Elevated concentrations of regional air
pollutants in regions with active nonconventional oil and gas
production have led to concerns about emissions of photo-
chemical smog precursors and several studies are underway to
investigate these phenomena.*® Also controversial are the
greenhouse gas emissions associated with the natural gas sup-
ply chain; some analyses suggest that these emissions could
be significant enough to change the desirability, from a green-
house gas emission perspective, of natural gas relative to coal,
however, these analyses have been challenged and studies are
underway to provide additional data to resolve the debate.?~°
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All of these issues fit into the analysis frameworks currently
presented in engineering curricula addressing sustainability.
The well-to-burner (cradle-to-grave) economic, environmental
and societal impacts of shale gas production can be examined
and evaluated. Missing, however, from this type of analysis
are the inter-industrial and extra-industrial considerations.
Widespread availability of shale gas, and limited capacities
for transporting shale gas to global markets, can drive down
natural gas prices. This, in turn, can impact the use of natural
gas in other industrial sectors. Lower prices for natural gas
can lead to more use of natural gas in electricity generation.
In some grid systems (e.g., Texas), switching to natural gas
for electricity generation can reduce emissions of regional air
pollutants and reduce water use.’’ Wider availability and
potentially lower prices of condensate from gas production
can change the use of feedstocks for commodity chemicals,
changing emissions, water use and energy use in commodity
chemical production in complex ways. So, what will be the
overall economic, water use, water quality and air quality
impacts of shale gas production? It will depend not only on
the natural gas supply chain, but also the consequences of
changes in the natural gas supply chain in other industrial sec-
tors. Although there is a need to attribute material use, water
use, energy use and emissions along the natural gas supply
chain, there is also the need to examine the consequences of
changes in this supply chain on other industrial sectors.

Recognition of the importance of this phenomenon of con-
sequential impacts, in addition to impacts that can be attrib-
uted to a single supply chain, is recent.”® However, these
types of consequential impacts are not rare. For example, the
widespread production and use of biofuels has the potential
to impact food markets® by driving up prices and influenc-
ing global land use change. The water required for the pro-
duction of biofuels can significantly impact water supplies,
and, therefore, have consequences in almost every industrial
sector.*” Use of wind turbines to generate electricity requires
generator magnets, which in turn require rare earth elements.
Many of these same elements are required in advanced bat-
tery technologies used in products such as electric and
hybrid vehicles, connecting the electricity generation and
transportation sectors in new ways.41 Developing the skills
and tools required to identify and quantify the behavior of
these inter-industrial systems will be an important addition
to engineering education.

A summary of a body of knowledge on sustainability, for
chemical engineers, is provided in Table 1. It is organized
into three major elements: Framing the challenge; Assess-
ment and design; and Systems perspectives. Key concepts
and tools for each element are summarized.

Implications for Chemical Engineering
Curricula

Table 1 provides a perspective on the knowledge base
required for engineers working on issues related to sustain-
ability. Three major elements are defined: Framing the chal-
lenge; assessment and design, and systems perspectives. In
most engineering curricula this type of material is commonly
covered in elective courses.!! There are, however,
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Table 1. Sustainability in Chemical Engineering Education:
A body of Knowledge

Framing the
challenge

Introduction to sustainable development, trends,
and industry perspectives

Introduction to the magnitude of sustainability
challenges

Overview of energy, water and material supplies
and uses

Overview of emissions and wastes of concern

Legislation to protect human and
ecosystem health

Earth systems, global material cycles and
ecosystem function

Risk and life cycle frameworks for
analyzing issues

Sustainability metrics at multiple
scales — molecular,
process, product and systems scales

General principles of designing for sustainability

Applying general principles at unit operation
scales — tools and case studies

Applying general principles at flowsheet
scale — tools and case studies

Applying general principles for products and
materials — tools and case studies

Monetizing sustainability metrics

Life cycle assessments along single supply
chains — tools and case studies

Consequential life cycle assessments
(inter-industry and extra-industrial scales) —
tools and case studies

Global material flow analyses — tools and
case studies

Consequential material flow analyses
(inter-industry and extra-industrial scales) —
tools and case studies

Assessment
and design

System
Perspectives

opportunities for incorporating these concepts into required
courses, even in a crowded curriculum.

Freshman Engineering. Required freshman engineering
courses are beginning to emerge in engineering curricula.
The most common educational goals in freshman engineer-
ing courses are to expose students to the nature of the design
process, the creativity inherent in design, the tradeoffs asso-
ciated with meeting design objectives, and the iterative na-
ture of the engineering design process. Because these courses
frequently seek to expose students to the contributions that
engineers can make in solving the grand challenges facing
human societies, design problems that incorporate environ-
mental constraints and objectives are attractive choices. For
example, at Villanova, freshman engineering students design
a process to make biodiesel from waste oils.*> As an alterna-
tive to a design project, commonly taught principles of green
or sustainable engineering could be included in freshman
courses.'? Since most engineering designs involve the speci-
fication of materials, students can be introduced to the
energy and environmental footprints of commodity materials
as they select materials for their designs. The introduction of
material footprints would also introduce students to supply
chain (life cycle) implications of their material choices and
would introduce students to engineering tradeoffs, as they
seek to simultaneously minimize energy use, materials use
and emissions. All of these principles can be applied at mul-
tiple scales, ranging from the molecular (e.g., design of mol-
ecules that could serve as replacements for gasoline) to the
product or process level (e.g., design of a process to grow
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algae to make diesel fuel) to the design of infrastructures
(storage and delivery systems for biofuels).

Sophomore through Junior Level Courses. Required
chemical engineering courses offer multiple opportunities for
covering the guiding principles of sustainable engineering,
examining tools and case studies. For example, many chemi-
cal engineering curricula have materials courses, which
could include modules on the impact of material selections
on global material flows and environmental impacts.'®> At
the University of Texas, the materials course taken by chem-
ical engineers contains a module on critical materials, such
as rare earth elements, and the geopolitical implications of
their availability. At Michigan Technological University, the
mass transport course includes a module on the environmen-
tal fate of pollutants. Courses on material and energy balan-
ces frequently include case studies on life cycle assessment.
These case studies can give students insights into concepts
that are difficult to teach. For example, the concept of a
purge in a recycle stream is often difficult for students to
understand, but the need to remove contaminants from plas-
tic grocery sacks that are being recycled can help students
grasp this Concept.43 Other examples include courses on sep-
aration processes and reaction engineering that could include
modules and case studies that illustrate sustainability con-
cepts,'' such as energy efficiency, earth systems literacy,
atom economy, and others.

Senior Design Capstone design courses are ubiquitous in
engineering curricula. As capstone courses, they seek to syn-
thesize knowledge students have been exposed to throughout
their curriculum through a design challenge. The educational
goals parallel freshman design courses. The goals are to ex-
pose students to the nature of the design process, the creativ-
ity inherent in design, the tradeoffs associated with meeting
design objectives, and the iterative nature of the engineering
design process. Just as in freshman courses, the design prob-
lems frequently incorporate environmental constraints and
objectives. So for senior design courses, like freshman
design courses, the commonly taught principles of green or
sustainable engineering that could be incorporated are life
cycle assessments, environmental cost accounting, and
energy and material use profiling of designs. For example,
Michigan Technological University has students evaluate
environmental releases and societal impacts associated with
proposed process designs and determine the regulatory
approvals that would be required (for methods, see Ref. '%).
Other institutions have students perform designs that are
motivated by sustainability goals, such as the design of bio-
fuel production and refining operations.

Implications for Engineering Practice

Because the incorporation of sustainability issues into en-
gineering curricula is a relatively new phenomenon, most
practicing engineers did not encounter sustainability concepts
in their formal education. Therefore, a variety of certification
and training programs are beginning to emerge for practicing
engineers, and the knowledge required for these certifications
will impact expectations for undergraduate education. A cer-
tification program emerging from the Institute for Sustain-
ability of the America Institute of Chemical Engineers
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articulates a Body of Knowledge similar in concept to the
Body of Knowledge for university engineering students,
identified in Table 1. The main differences are an expansion
of the topics covered to include corporate and institutional
sustainability metrics and leadership.

Conclusions

The current state of development of engineering for sus-
tainability can be compared to the evolution of chemical en-
gineering education. Chemical engineering emerged late in
the 19th century as a field of applied or industrial chemis-
try.44 Chemical engineers at the beginning of the 20th cen-
tury studied individual industrial technologies. They learned
almost exclusively through case studies. By the 1920s, how-
ever, it became apparent that most chemical processes had
common unit operations. Chemical engineers began to study
the design of reactors, distillation columns and other unit
operations, rather than specific processes. In the last 50 years
sophisticated mathematical tools for modeling chemical reac-
tions, transport phenomena, and thermodynamics have been
developed, and these sophisticated design tools have been
applied at spatial scales from molecular (e.g., modeling the
properties of nanomaterials) to the scale of unit operations
and chemical processes, to global scales (e.g., modeling
atmospheric chemistry at global scales). These sophisticated
analytical tools also span a wide range of temporal scales,
from nanoseconds to decades.

Engineering tools for improving sustainability are at a mix-
ture of these three stages. Although the field is no longer re-
stricted to just examining case studies, case studies are still
revealing new insights. Through the examination of many
case studies, common principles have begun to emerge. Risk
analysis frameworks and tools, life cycle frameworks and
analysis tools, methods for selecting sustainable materials, and
a collection of other increasingly sophisticated analytical
tools, have gained general acceptance. A distinctive feature of
sustainability education for chemical engineering is the recog-
nition that knowledge outside of our discipline, and also
working with outside experts, will be necessary to achieve
sustainable chemical engineering designs. The field is at a
point where a systemic approach to incorporating sustainabil-
ity into chemical engineering is appropriate.
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