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Preface

Environmental Engineering and Sustainable Design, Second Edition is an invalu-
able resource for today’s engineering and applied environmental science students.
As engineering curriculum becomes more crowded, challenges arise in addressing
the new paradigm of engineering in a resource-limited environment and adapting
design to a new climactic condition. The authors have developed a comprehensive
text that provides foundational knowledge and traditional engineering skills while
also integrating our present understanding of resource consumption and climate
issues into this new edition. This curriculum is focused upon applying engineering
principles to real-world design and problem analysis. It includes specific step-by-
step examples and case studies for solving complex conceptual and design problems
related to sustainable design and engineering. This textbook also applies the prin-
ciples of sustainable design to issues in both developed and developing countries.
Instructors will benefit from having this updated best seller to bring sustainability
science, environmental impact analysis, and models of sustainability to the under-
graduate and graduate level.

Sustainability is important in manufacturing, construction, planning, and design.
Allenby et al. state that: “Sustainable engineering is a conceptual and practical
challenge to all engineering disciplines.” The teaching of sustainability has some-
times been pigeonholed into graduate level courses in Industrial Ecology or Green
Engineering. Environmental engineering and chemical engineering textbooks may
cover some basic concepts of sustainability, but the extent and breadth of knowl-
edge is insufficient to meet the multifaceted demand required to engineer sustain-
able processes and products.

Dr. John Crittenden, 2002, suggests that sustainable solutions include the fol-
lowing important elements/steps: (a) translating and understanding societal needs
into engineering solutions such as infrastructures, products, practices, and processes;
(b) explaining to society the long-term consequences of these engineering solutions;
and (c) educating the next generation of scientists and engineers to acquire both the
depth and breadth of skills necessary to address the important physical and behav-
ioral science elements of environmental problems and to develop and use integra-
tive analysis methods to identify and design sustainable products and systems.

New to the Second Edition

The Second Edition has been expanded to appeal to traditional foundational envi-
ronmental engineering courses.
The content has been organized into three key sections:

Part I: Environmental and Sustainability Science Principles
Part II: Engineering Environmental and Sustainable Processes
Part I1I: Designing Resilient and Sustainable Systems

Significant content from this textbook is adapted from Introduction to
Environmental Engineering, Third Edition by P. Aarne Vesilind, Susan M. Morgan,
and Lauren G. Heine. This content expands the use of the textbook to traditionally
taught environmental engineering courses. This text is also used in courses focused
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Xiv Preface

on sustainable design and engineering, and this update provides content that is
suitable to teaching a course on climate adaptation and resilience, as illustrated in
Table P.1.

Topics new or significantly expanded in this edition include:

Chapter 4: Material Flow and Processes in Engineering

Chapter 5: Natural Resources, Materials, and Sustainability

Chapter 6: Hazardous Substances and Risk Assessment

Chapter 8: Wastewater Treatment

Chapter 11: Energy Conservation, Development, and Decarbonization
Chapter 12: Designing for Sustainability

Chapter 15: Assessing Alternatives

New homework problems have been added and integrated into this textbook.
Each chapter includes both qualitative and quantitative problems that cover a
range of difficulty and complexity. Additional Active Learning Exercises have
been added, with a focus on peer-to-peer learning activities to stimulate discus-
sion, including the incorporation of climate and energy simulations for group role
playing activities.

Organization and Potential Syllabus Topics

Sustainability is most often covered in existing environmental engineering
courses; however, these courses are typically limited to civil and environmental
engineering majors. Introductory environmental engineering courses often have
objectives focused more upon historical perspectives in remediation and large-scale
treatment systems than upon forward-looking sustainability concepts. Students
will benefit from having methods for quantifying sustainability through envi-
ronmental impacts, case studies, Life Cycle Analysis (LCA) models, and best
practices. Case studies and active learning exercises make the learning experi-
ence real-world and hands-on. This title is the first to bring sustainability science,
environmental impact analysis, and models of sustainability to the undergraduate
level. Prerequisites for such a course are the foundational courses in calculus,
chemistry, and physics.

Environmental Engineering and Sustainable Design, Second Edition is clearly
arranged in three parts. Part I: Environmental and Sustainability Science Principles
includes foundational content in the physical and social sciences that describe sus-
tainability. Part II: Engineering Environmental and Sustainable Processes describes
processes that relate to understanding and creating more sustainable systems for
water development, air quality, climate adaptation, and energy development. Part I11:
Designing Resilient and Sustainable Systems addresses new tools and models that
can be used in the design of products and infrastructure to create systems adapted to
living in a resource-limited world that requires more sustainable approaches to the
lifestyle of the developed world’s nations. Suggested topics for courses are shown
in Table P.1.
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m BLE P.1 Suggested topics for courses in environmental engineering, sustainable design and engineering, and

climate adaptation and resilience. New or reorganized chapters are bolded

Preface

XV

SUSTAINABLE CLIMATE
ENVIRONMENTAL DESIGN AND ADAPTATION
CHAPTER ENGINEERING ENGINEERING AND RESILIENCE
PART I: ENVIRONMENTAL AND SUSTAINABILITY SCIENCE PRINCIPLES
Ch. 1 Sustainability, Engineering, and Design X X X
Ch. 2 Analyzing Sustainability Using Engineering Science X X
Ch. 3 Biogeochemical Cycles X X
Ch. 4 Material Flow and Processes in Engineering X
Ch. 5 Natural Resources, Materials, and Sustainability X X X
Ch. 6 Hazardous Substances and Risk Assessment X
PART II: ENGINEERING ENVIRONMENTAL AND SUSTAINABLE PROCESSES

Ch. 7 Water Quality Impacts X
Ch. 8 Wastewater Treatment X
Ch. 9 Impacts on Air Quality X
Ch. 10 The Carbon Cycle and Energy Balances X X X
Ch. 11 Energy Conservation, Development, and Decarbonization X X

PART III: DESIGNING RESILIENT AND SUSTAINABLE SYSTEMS
Ch. 12 Designing for Sustainability X X
Ch. 13 Industrial Ecology X
Ch. 14 Life Cycle Analysis X
Ch. 15 Assessing Alternatives X X
Ch. 16 Sustainability and the Built Environment X X
Ch. 17 Challenges and Opportunities for Sustainability in Practice X X

Supplements

Additional instructor resources for this product are available online. Instructor
assets include a Solution Answer Guide, Image Library, and PowerPoint® slides.
Sign up or sign in at www.cengage.com to search for and access this product and its
online resources.
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+. 2 CENGAGE | WEBASSIGN

New Digital Solution for Your Engineering Classroom

WebAssign is a powerful digital solution designed by educators to enrich the engi-
neering teaching and learning experience. With a robust computational engine at its
core, WebAssign provides extensive content, instant assessment, and superior support.

WebAssign’s powerful question editor allows engineering instructors to create
their own questions or modify existing questions. Each question can use any combina-
tion of text, mathematical equations and formulas, sound, pictures, video, and interac-
tive HTML elements. Numbers, words, phrases, graphics, and sound or video files can
be randomized so that each student receives a different version of the same question.

In addition to common question types such as multiple choice, fill-in-the-blank,
essay, and numerical, you can also incorporate robust answer entry palettes (mathPad,
chemPad, calcPad, physPad, Graphing Tool) to input and grade symbolic expressions,
equations, matrices, and chemical structures using powerful computer algebra systems.

WebAssign Offers Engineering Instructors the Following

e The ability to create and edit algorithmic and numerical exercises.

e The opportunity to generate randomized iterations of algorithmic and numer-
ical exercises. When instructors assign numerical WebAssign homework exer-
cises (engineering math exercises), the WebAssign program offers them the
ability to generate and assign their students differing versions of the same
engineering math exercise. The computational engine extends beyond and
provides the luxury of solving for correct solutions/answers.

e The ability to create and customize numerical questions, allowing students to
enter units, use a specific number of significant digits, use a specific number of
decimal places, respond with a computed answer, or answer within a different
tolerance value than the default.

Visit www.webassign.com/instructors/features/ to learn more. To create an account,
instructors can go directly to the signup page at www.webassign.net/signup.html.

WebAssign Features for Students

¢ Review Concepts at Point of Use
Within WebAssign, a “Read It” button at the bottom of each question links stu-
dents to corresponding sections of the textbook, enabling access to the MindTap
Reader at the precise moment of learning. A “Watch It” button allows a short
video to play. These videos help students understand and review the problem
they need to complete, enabling support at the precise moment of learning.
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e My Class Insights
Web Assign’s built-in study feature shows performance across course topics
so that students can quickly identify which concepts they have mastered and
which areas they may need to spend more time on.

e Ask Your Teacher
This powerful feature enables students to contact their instructor with ques-
tions about a specific assignment or problem they are working on.

MindTap Reader

Available via WebAssign and our digital subscription service, Cengage Unlimited,
MindTap Reader is Cengage’s next-generation eTextbook for engineering students.

The MindTap Reader provides more than just text learning for the student. It
offers a variety of tools to help our future engineers learn chapter concepts in a way
that resonates with their workflow and learning styles.

e Personalize their experience

Within the MindTap Reader, students can highlight key concepts, add notes, and
bookmark pages. These are collected in My Notes, ensuring they will have their
own study guide when it comes time to study for exams.

MOGELIGHT TEXT
Add Note

1 animals are in some

¢ Flexibility at their fingertips

With access to the book’s internal glossary, students can personalize their study
experience by creating and collating their own custom flashcards. The ReadSpeaker
feature reads text aloud to students, so they can learn on the go—wherever they are.
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The Cengage Mobile App

Available on iOS and Android smartphones, the Cengage Mobile App provides
convenience. Students can access their entire textbook anyplace and anytime. They
can take notes, highlight important passages, and have their text read aloud whether
they are online or off.

To learn more and download the mobile app, visit www.cengage.com/mobile-app/.

':f‘” CENGAGE
UNLIMITED

All-You-Can-Learn Access with Cengage Unlimited

Cengage Unlimited is the cost-saving student plan that includes access to our entire
library of eTextbooks, online platforms and more—in one place, for one price. For
just $119.99 for four months, a student gets online and offline access to Cengage
course materials across disciplines, plus hundreds of student success and career
readiness skill-building activities. To learn more, visit www.cengage.com/unlimited.
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CHAPTER 1

Sustainability, Engineering,
and Design

FIGURE 1.1 Ahigh-resolution photo of our planet showing various ecosystems and weather
patterns. Many believe the first images of Earth taken from space had a profound effect on how
people in general perceived the interconnectedness between people, the planet, and future
prosperity.

Source: NASA Goddard Space Flight Center Image by Reto Stockli (land surface, shallow water, clouds).
Enhancements by Robert Simmon (ocean color, compositing, 3D globes, animation). Data and technical support:
MODIS Land Group; MODIS Science Data Support Team; MODIS Atmosphere Group; MODIS Ocean Group.
Additional data: USGS EROS Data Center (topography); USGS Terrestrial Remote Sensing Flagstaff Field Center
(Antarctica); Defense Meteorological Satellite Program (city lights).

It is known that there are an infinite number of worlds, simply because there is an infinite
amount of space for them to be in. However, not every one of them is inhabited. Any finite
number divided by infinity is as near nothing as makes no odds, so the average population
of all the planets in the Universe can be said to be zero. From this it follows that the
population of the whole Universe is also zero, and that any people you may meet from time
to time are merely products of a deranged imagination.

—DouGLAS ADAMS, FROM THE RESTAURANT AT THE END oF THE UNIVERSE (1980, p. 142)

Copyright 2023 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



GOALS

THE EDUCATIONAL GOALS OF THIS CHAPTER are to define sustainability and
understand how social norms influence discussions about sustainability. We also
examine how population changes and resource consumption have created the need
for engineers, economists, scientists, and policymakers to consider sustainability in the
design of products, infrastructure, and systems. The key concepts that are used to quan-
titatively consider sustainable design include the human development index, popula-
tion growth models, and the ecological footprints analysis. This chapter also provides a
greater context for the social and economic factors that shape successful design. In this
chapter, we explore the ethical basis of human-centered design as a way of meeting
the essential needs of people, which is an explicit element of sustainable development.
In addition, we explain the dynamics of the adoption and diffusion of innovations,
which is a critical prerequisite to the widespread social impact of more sustainable
practices, products, and processes. Finally, we address the economic concepts that help
us understand why achieving greater environmental sustainability can be a challenge

and the role of governmental policymaking in surmounting those obstacles.

OBJECTIVES
At the conclusion of this chapter, you should be able to:
1.1 Calculate and relate the Human 1.6 Evaluate global trends in population
Development Index to indices for and describe how those trends
lifespan, education, and income. challenge engineers to develop

sustainable products, infrastructure,

1.2 Discuss ethical frameworks and
and systems.

engineering ethics in relation to
sustainability. 1.7 Define and evaluate the carrying

1.3 Explain the different ethical principles capacity of systems of various scales.

that inform sustainable development, 1.8 Define and discuss quantitatively
and discuss how these affect the indicators of sustainable design,
engineering design. including the ecological footprint and

the impact, population, affluence, and

1.4 Gi les of ful and
1Ve exampies Of Successiti an technology (IPAT) equation.

unsuccessful technologies appropriate

for meeting the essential needs of 1.9 For a given innovation, summarize and
people, and explain the reasons for their analyze the social, cultural, technical,
success or failure. and economic factors that affect its

1.5 Define and discuss different definitions potential impacts.

of sustainability, sustainable design, and
sustainable development.
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6 CHAPTER 1 Sustainability, Engineering, and Design

Introduction

Genetically modern humans appeared on Earth about 200,000 years ago, and bio-
logically and behaviorally modern humans appeared about 70,000 years ago. The
number of people and their effects on the planet were negligible for most of the
history of the planet (Figure 1.2).

The number of humans on the planet remained very small until a few hundred
years ago when advances in farming, energy, and mechanization took place, allowing
the human population to increase exponentially (see Figure 1.3). Rapid changes in
technology allowed humans to live longer; the decreasing death rates contributed to
the high rate of human population growth over the past thousand years. Some time
shortly after the year 1800, the world population reached 1 billion people for the first
time (UN, 1999).

Demographers, people who study trends in population, say we are likely
heading toward a world population of 9.5 to 12.5 billion over the next century
(UN, 2019). While the human population on the planet is growing, natural
resources that we have relied on for food, energy, and water are shrinking owing
to the increasing human consumption of those resources. The human species

has had a profound environmental impact on the planet, threatening the Earth’s
biodiversity, climate, energy resources, and water supply.
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FIGURE 1.2 Atimeline of planetary history showing the relatively short time humans have
existed on Earth compared to the entirety of the history of Earth.

Source: Based on www.geology.wisc.edu/zircon/Earliest %20Piece/Images/28.jpg; leonello calvetti/Shutterstock.com;
Johan Swanepoel/Shutterstock.com; Ortodox/Shutterstock.com; Imfoto/Shutterstock.com; falk/Shutterstock.com;

oorka/Shutterstock.com; Sebastian Kaulitzki/Shutterstock.com; Number001/Shutterstock.com; DM7/Shutterstock.com;
Empiric7/Shutterstock.com; SciePro/Shutterstock.com.
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FIGURE 1.3 Historic estimates of human population from pre-history until 2011.

Source: Based on Kremer, M. (1993). “Population Growth and Technological Change: One Million B.C. to 1990.” The
Quarterly Journal of Economics 108(3): 681-716. AD 0-1990: United Nations Population Division Report, The World at
Six Billion. AD 1995-2012: U.S. Census Bureau Data: The World Population Clock.

In the industrialized world, many people move faster, eat more, know more, and
live in larger homes than even royalty could have dreamed of only a few centuries
ago. Yet despite the great advances in science, technology, government, economics,
education, and medicine over the past hundred years, these resources are not dis-
tributed equally on the planet. Economic, scientific, and technological advances
have increased the lifespan and improved access to many marvelous things in the
industrialized world, but this overall increase in the standard of living has failed to
raise many people out of poverty. The standard of living relates income, comfort,
and material goods to the socioeconomic classification of people. Scientists and
engineers have played a key role in increasing both the average human life span
and standard of living through applications of energy development and distribution,
water treatment, sanitation, and other technological advances. As we will see later
in this chapter, those who have not benefited from modern science, technology, and
industrialization may not be able to meet their basic needs for food, clothing, shelter,
water, and sanitation.

ACTIVE LEARNING EXERCISE 1.1 Preconceptions about Sustainability

Define “sustainability” in your own words to the best of your ability. Sketch a visualization of your definition
using a cartoon or mind map. Show the linkages to things you perceive are related to sustainability on your
sketch. Share your sketch with peers, and listen to how your peers think your sketch illustrates concepts of
sustainability.
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CHAPTER 1 Sustainability, Engineering, and Design

1.1 Human Development Index

The United Nations Development Programme (UNDP) devised a Human Deve-
lopment Index (HDI) that is based on three dimensions: life expectancy, education,
and income. These dimensions are combined into a single comparable value, as
illustrated in Figure 1.4 (UN, 2011a). The HDI is calculated using the data reported
each year by the United Nations and the following equations (1.1) to (1.6.)

Life expectancy (LE) at birth uses the 2018 Life Expectancy Index:
Life Expectancy Index (LEI) = (LE — 20)/(85 — 20) (1.1)

The Education Index (EI) is based on the Mean Years of Schooling Index (MYSI)
and Expected Years of Schooling Index (EYSI), where

MYSI = mean years of schooling/15 (1.2)
EYSI = expected years of schooling/18 (1.3)
EI = (MYSI + EYSI)2 (1.4)

The Income Index (II) is based on the gross national income (GNI ) at purchasing
power parity (PPP) per capita, which is an estimate and standardization of each
individual’s income in a country:

II = {In(GNI ) — In(100)}/{In(75,000) — In(100)} (15)

The Human Development Index is determined from the geometric mean of the
Life Expectancy Index, the Education Index, and the Income Index:

HDI = (LEI x EI x II)"* (1.6)

Based on this index, the United Nations categorizes countries as Very High
Human Development (HDI = 0.800), High Human Development (0.800 > HDI =
0.700), Medium Human Development (0.700 > HDI = 0.550), and Low Human
Development (HDI < 0.550).

Human
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/ Index
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FIGURE 1.4 Components of the Human Development Index.

Source: Based on Human Development Report 2011. Sustainability and Equity: A Better Future for All. United Nations
Development Programme.
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1.1 Human Development Index

EXAMPLE 1.1  Calculating the Human Development Index

Calculate the Human Development Index for the selected countries from 2018 data.

FA BLE 1.1 Component values of the Human Development Index for selected countries

EXPECTED MEAN GROSS NATIONAL
YEARS OF YEARS OF INCOME (GNI)
LIFE EXPECTANCY SCHOOLING SCHOOLING PER CAPITA

COUNTRY AT BIRTH (YEARS) (YEARS) (YEARS) (2011 PPI $)
Benin 60.2 12.6 3.6 2,061
Costa Rica 80.0 15.4 8.8 14,636
India 68.8 12.3 6.4 6,353
Jordan 74.5 131 10.4 8,288
Norway 82.3 17.9 12.6 68,012
United States 79.5 16.5 13.4 54,941

Source: Based on the Human Development Report 2019. Beyond income, beyond averages, beyond today: Inequalities in |
human development in the 21st century. New York. ISBN: 978-92-1-126439-5.

For Benin, the Life Expectancy Index can be calculated using Equation (1.1) from
the life expectancy at birth:

(LEI) = (LE — 20)/(85 — 20)
= (60.2 — 20)/65
=0.618
In order to calculate the Education Index, we first need to calculate the Mean Years
of Schooling Index (MYSI) and the Expected Years of Schooling Index (EYSI) from
Equations (1.2) and (1.3), respectively:
MYSI = mean years of schooling/15
= 3.6/15 = 0.240
EYSI = expected years of schooling/18

= 12.6/18 = 0.700

Substituting into the equation for the education index yields
EI = (MYSI + EYSI)2

= (0.240 + 0.70)/2 = 0.470

We can calculate the Income Index (IT) from the gross national income (GNI ) at pur-
chasing power parity per capita using Equation (1.5):

11 = {In(GNI ) — In(100)}/{In(75,000) — In(100)}

= {In(2,061) — In(100)}/{In(75,000) — In(100)} = 0.457
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