Danny D. Reible

FUNDAMENTALS OF

Environmental
Engineering



FUNDAMENTALS OF

Environmental
Engineering

Danny D. Reible

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



First Published by Lawrence Erlbaum Associates, Inc., Publishers
10 Industrial Avenue
Mahwah, New Jersey (07430

Reprinted 2010 by CRC Press

CRC Press

6000 Broken Sound Parkway, NW
Suite 300, Boca Raton, FL 33487
270 Madison Avenue

New York, NY 10016

2 Park Square, Milton Park
Abingdon, Oxon OX14 4RN, UK

Contact Editor: Bob Hauserman
Project Editor: Maggie Mogck
Marketing Manager: Arline Massey
Cover design: Dawn Boyd

Library of Congress Cataloging-in-Publication Data

Fundamentals of environmental engineering / Danny D, Reible.
p. cm.
Includes bibliographical references and index.
ISBN 1-56670-047-7 (alk. paper)

1. Environmental engineering. 1. Title.
TD146.R45 1998
628—dc21
98-22372
CIp

This book contains information obtained from authentic and highly regarded sources. Reprinted material is quoted with
permission, and sources are indicated. A wide variety of references are listed. Reasonable efforts have been made to publish
reliable data and information, but the author and the publisher cannot assume responsibility for the validity of all materials
or for the consequences of their use.

Neither this book nor any part may be reproduced or transmitted in any form or by any means, electronic or mechanical,
including photocopying, microfilming, and recording, or by any information storage or retrieval system, without prior
permission in writing from the publisher.

The consent of CRC Press LLC does not extend to copying for general distribution, for promotion, for creating new
works, or for resale. Specific permission must be obtained in writing from CRC Press LLC for such copying.

Direct all inquiries to CRC Press LLC, 2000 Corporate Blvd., N.W., Boca Raton. Florida 33431.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation. without intent to infringe.

© 1999 by CRC Press LLC
Lewis Publishers is an imprint of CRC Press LLC

No claim to original U.S. Government works
International Standard Book Number 1-56670-047-7
Library of Congress Card Number 98-22372

234567890

Disclaimer

The publisher has made every effort to trace copyright holders and welcomes correspondence
from those they have been unable to contact.



Preface

ENVIRONMENTAL ENGINEERING — AN EMERGING NEW FIELD

Environmental engineering as a profession and as a formal course of academic training has long
suffered from lack of a well-defined identity. The field is broad and the science on which it is
founded includes, in nearly equal measures, all of the traditional scientific disciplines including
chemistry, geology, physics, and biology. Similarly, the technology which an environmental engi-
neer might be expected to understand and apply is equally broad. The problems that an environ-
mental engineer might face may require him or her to simultaneously exhibit the knowledge and
experience expected of a chemical engineer, a civil or sanitary engineer, and a mechanical engineer.
The design of an undergraduate curriculum to adequately balance the breadth and depth demanded
of an environmental engineer is a daunting task. For some institutions of higher learning, the best
balance has been identified as a graduate level curriculum that builds upon undergraduate training,
preferably in a core engineering discipline. Increasingly, however, increased demand for under-
graduate training in environmental engineering from both potential students and potential employers
has led to growth in the number of undergraduate programs.

For many institutions, this represents a second attempt at developing an undergraduate envi-
ronmental engineering program. During the early 1970s a number of environmental programs were
developed. Many of these curricula never developed into viable programs and were ultimately
eliminated. In my view, many of the problems of these curricula were the result of a lack of clearly
defined achievable objectives and a focus on the breadth of the field without adequate depth. The
field has its roots in sanitary engineering and developed by expanding on the approach and
technology of this discipline. Environmental engineering has grown beyond its roots in sanitary
engineering, however, and must emerge as an entity in its own right to survive.

TECHNOLOGY VS. FUNDAMENTALS

I feel that a significant factor hindering the development of environmental engineering programs
both then and now is the focus of many of the programs on the technology of environmental
engineering. Because of the breadth of the technology required of an environmental engineer, I
feel that this necessarily limits the time available for the study of fundamentals and problem-solving
techniques. I believe that a better approach for an undergraduate level environmental engineering
program is one that makes no attempt to provide a comprehensive exposure to all facets of
environmental engineering technology but instead focuses on fundamentals. That is, one focused
on providing students with a basic understanding of environmental processes and traditional engi-
neering problem-solving techniques and relegates the technology to illustrative examples.

For me, the best example that illustrates the technology orientation of many environmental
engineering programs is an examination of the introductory textbooks in the field. With few
exceptions, the introductory textbooks are surveys of environmental pollutants, their effects, and
qualitative discussions of control or treatment devices. This is very different from the introductory
textbooks in most engineering fields which tend to be quantitative and focused on problem solving
and problem-solving techniques at the same time as they use examples that illustrate the application
of these techniques and methods to that engineering discipline. The education of an engineer has
always been defined by a focus on exercise and example problems, i.e., "learning through doing."
Admittedly, environmental engineering is so broad that it is difficult to define the unifying quan-



titative techniques and procedures that define the discipline. If an attempt is not made, however,
environmental engineering can never grow into a mainstream engineering discipline.

A NEW APPROACH

It is toward this objective that the current textbook is directed. My approach to the introduction of
environmental engineering is one borrowed from chemical engineering and reflects my bias of
being trained in that discipline. I believe that the technology associated with the unit operations
for waste treatment, control, and cleanup are naturally taught from a background similar to that of
a chemical engineer. In addition, the fate and transport behavior of pollutants and the pharmaco-
kinetics which describe their action on receptors are clearly dependent on chemical and dynamic
principles that are central o the education of a chemical engineer. This suggests to me that the
natural starting point for an environmental engineer is a firm grounding in dimensional analysis,
physical chemistry, mass, energy, and component balances, and application of these topics to
environmental engineering problems.

This textbook is oriented around these topics. It is designed for a one semester course aimed
at second- or third-year college students in an environmental engineering curriculum. It also could
be used by students in traditional engineering disciplines to provide an introduction to environmental
applications of their discipline. The text also could be used at the graduate level for students without
an undergraduate engineering background. Since many environmental engineering students come
to the discipline in this manner, this may be the most common use of the book. It assumes that
students will have a working knowledge of introductory calculus and some exposure to first order
ordinary differential equations. In addition, introductory chemistry and physics is assumed.

As with any ext, the topics covered are the results of the bias of the author. The same can be
said for the errors of commission and omission that undoubtedly fill the book. I would appreciate
the comments and criticisms of the reader and hope that if I am lucky or unlucky enough to produce
a second edition that I can correct some of these problems.

Danny D. Reible
Louisiana State University
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Nomenclature

Units notation and typical units

L Length — meters (m)

M Mass — kilograms (kg)

mol  Moles — g/MW (moles)

P Pressure — atmospheres (atm)
E Energy — (M L2 /13

T Temperature — Kelvin (K)

t Time — seconds (s)

Variables notation [Units]

A Area [L?]

B Buoyancy flux [L*t}]

C Cover factor for erosion

C, Concentration of component of interest in phase i [M/V]

Cp Drag coefficient

Csm Half substrate concentration microbial reaction rate
C; Total concentration [M/V]

d, Diameter of collector [L]

d, Diameter of particie [L]

D, Effective biotubation diffusion coefficient [L2/1]

D, Molecular diffusivity in phase i [L1]

D,,  Molecular diffusivity in soil vapor [L/1]

D, Molecular diffusivity in soil or sediment water [L/t]
D, Turbulent or eddy diffusivity [L%t]

E, Internal Energy [E]

) Fraction of i

Sfx Fractional rate of removal of biomass [1/1]

fa Fugacity of component A [P]

fay Brunt-Vaisala frequency [1/]

Fg Buoyancy force [M L/?]

Fp Drag force [M L/?]

F, Faradays (96,500 amp/s or Co)

E, Pressure force [M L/t?]

F, Viscous force [M L/t?]

F/M  Food-to-microorganism ratio

g Gravitation constant [L/t]

G Gibb’s free energy [E]

AG; Gibb’s free energy of formation [E]

h Height of free surface in river or hydraulic head [L]
h, Air entry pressure head [L]

h, Capillary rise [L]

h, Elevation head [L]

h, Pressure head [L]

H, Mixing height [L]
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Height of collector [L]

Height of rainfall [L]

Enthalpy change of reaction [E]

Enthalpy change in evaporation [E]

Enthalpy of formation or fusion [E]

Effective stack height [L]

Physical stack height [L]

Enthalpy [E]

Microbial death rate [1/1]

Overall mass transfer coefficient in phase i [L/t]
Film mass transfer coefficient in phase i [L/]
Overall mass transfer coefficient between phase i and j [L/]
Maximum microbial growth rate | 1/t]
Dispersion coefficient [L%/1]

Equilibrium partition coefficient between phase i and j (concentration units)

Permeability [L?]

Hydraulic conductivity [L/1]

Reaction rate constant [t™!]

Reaction equilibrium constant

Thermal conductivity [E-M-'-T-!-t*!]

Length [L]

Length of a capillary

Mixing length [L]

Monin—-Obukhov length scale [L]

Mass of component of interest in phase i [M]
Molarity of component A (mol/L)

Moles of component of interest in phase i [mol]
Normality (equivalent weights/L)

Molecular weight of component of interest [M/mol]
Molecular weight of component A [M/mol]

Partial pressure of component of interest in phase i [P]
Partial pressure of component A in phase of interest [P]
Pressure [P]

Osmotic pressure [P]

Volumetric flowrate of fluid i [V/]

Mass flowrate of component/fluid of interest [M/t]
Volumetric flowrate of fluid per unit area (superficial velocity) [V/t]
Energy flux (E/L%t]

Mass or molar flux of material [M/L%1]

Mass or molar flux of component A [M/L¥1]
Hydraulic radius [L]

Reaction rate [M/t]

Relative humidity

Slope of free surface

Entropy [E]

Solubility in phase i [M/V]

Storage capacity for rainfall [L]

Time [s]

Lagrangian time scale — time following motion [s]
Temperature [K or, if absolute temperature not required, ° C]
Velocity



XA
X

Ya
Y

X,¥,Z

Interstitial velocity

Average velocity of fluid [L/t]

Specific utilization rate of substrate [ /1]

Friction velocity, (ty/p)"? [L/t]

Volume [L3]

Velocity perpendicular to mean velocity [L/t]

width [L]

Vertical velocity scale [L/]

Mass ratio of component of interest in phase i [M/M]

Mole fraction of component of interest in a liquid or primary phase [mol/mol]
Mole fraction of component of interest in a vapor, gaseous, or secondary phase [mol/mol]
Mole fraction of component A in liquid or primary phase [mol/mol]

Biomass concentration [M/L3]

Mole fraction of component A in vapor, gaseous, or secondary phase [mol/mol]
Microbial yield coefficient [M/M — mass of biomass formed per mass of substrate]
Position in a Cartesian coordinate system [L]

Greek Characters [Units]

.e.;_e-}—‘_?{gq A<M CO_D_?’)O’)P

T O3S 3
S

Cunningham correction factor

Dispersivity [L]

Porous bed friction factor

Manning roughness factor [(/L'3]

Osmotic coefficient

Particle shape factor

Shield’s parameter

Thermal diffusivity [L/1]

Turbulent or eddy thermal diffusivity [L1]

Constant of integration or other arbitrary constant
Coefficient of thermal expansion [1/T]

Small length scale typically a film or boundary layer thickness [L]
Thickness of the thermocline in a lake [L]

Difference or deficit in property i

Ratio of void volume to porosity [V/V]

Volume of phase i to total volume [V/V]

Activity coefficient of a compound in a liquid phase

von Karman constant

Permittivity of free space

Relative permittivity (dielectric constant)

Mean free path of molecules [L]

Saturation — volume of phase i to total void volume = €/¢
Fugacity coefficient of a compound in a vapor phase; also association factor for estimation
of liquid diffusivites

Efficiency

Single collector collection efficiency

Potential temperature; also used as a measure of angle and as dimensionless concentration
Density [m/V]

Tortuosity, L /L

Characteristic time scale of process i [t]

Shear stress or flux of i momentum in the j direction
Interfacial shear stress

Chemical potential of component i



, Mass ratio of component of interest in phase i [m/m]
Superscripts

* Equilibrium value

ref Reference value

A Caret indicates per unit mass or moles

~ Tilde indicates molar units

Subscripts

ads  Adsorption

adv  Advection

diff  Diffusion

exch lon exchange

i Indicates phase i (lower case)

a Air

b Biota

c Collector

doc  Dissolved organic carbon
e Epilimnion or effluent

g Gas

h Hypolimnion

l Liquid

L Lipid

n,o  Non-aqueous or oily/organic phase
oc Organic carbon

P Particle

S Soil, sediment, or siudge
soc  Suspended organic carbon
sV Soil vapor

sw Soil water

v Vapor

w Water

S Stratosphere

T Troposphere

A Indicates particular component A (upper case)
f Film property or friction

r Reaction

S Substrate

X Biomass

0,in  Indicates inlet conditions
I,out Indicates outlet conditions
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Introduction

1.1 WHAT IS ENVIRONMENTAL ENGINEERING?

Engineering involves the application of fundamental scientific principles to the development and
implementation of technologies needed to satisfy human needs. For environmental engineering the
body of knowledge whose application defines the discipline is environmental science and the goal
of the discipline is satisfying present and future human needs through protection of the environment.
Such a broad definition, however, does little to define the actual function of an environmental
engineer. Even the core science, environmental science, includes aspects of each of the physical,
natural, and life sciences. This has made it difficult to characterize environmental engineering and
has led to widely varying views as to its focus and responsibilities.

The environmental engineer is often presumed to focus on technologies for the elimination of
environmental pollution. Of growing interest and concern, however, are the broader issues of
sustainable development, environmental equity, habitat loss, and biodiversity. The protection of the
environment thus involves social, political, economic, and legal issues far beyond the domain of
any single scientific or engineering discipline. These issues are broader in scope than environmental
engineering, but they are issues about which an environmental engineer should be knowledgeable
and are issues which are likely to be a component of the work of the environmental engineer.

This text, however, remains largely directed toward the more narrow issue of the technical basis
for assessing and eliminating the effects of pollutants in the environment. The engineering science
which underpins this effort represents the fundamental knowledge base required of environmental
engineers. Environmental pollution is the contamination of the environment with substances that
are potentially injurious to human, plant, and animal life or the quality of that life. The polluting
substances may arise naturally, for example, in the eruption of volcanoes, or artificially, through
the actions of humankind. Generally, we will reserve the term pollution for substances introduced
as a result of human activities, but it is important to recognize that natural sources of pollution
exist and, on a global scale, account for the majority of many important pollutants. The term
contaminant is sometimes interchangeably used with pollution, but generally we will reserve the
term pollutant for a substance that has a demonstrated adverse effect on human or ecological health.
A contaminant is a substance that is not a component of the natural or “clean” system, but it may
or may not pose a hazard. One task of an environmental engineer is to help differentiate between
harmless contaminants and pollutants.

Environmental pollution might be in the form of hazardous chemicals released into the envi-
ronment from a chemical processing plant, by transportation spills, or during the application of
pesticides on an agricultural property. Environmental pollution might also be the result of erosion
and sediment-laden runoff to a water body as a result of agricultural, residential, or commercial
development. It also might be odor or noise problems associated with an industrial or commercial
activity. We will often employ pollutants from industrial facilities as examples of pollution, but
environmental pollution and environmental problems are much broader. Regardless of the form of
the pollution, Seinfeld (1975) pointed out that it involves three important components.

Pollutant Release = Environmental Processes = Receptors/Effects
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The most important of these components is the receptors, i.e., plants, animals, and/or people.
Pollution only occurs when adverse receptor effects exist, whether it be toxicity, habitat loss, or
elimination of an important resource. Pollutant emissions, at the opposite end, are the source of
the problem and generally the most convenient element to control. This is especially true of point
sources, where the pollutants are released from a single location or facility. This is also true,
however, if the pollutant source is distributed in space; for example, nonpoint source emissions
such as agricultural runoff. Linking the source to be controlled and the receptors are the mixing
and transformation processes that occur in the environment.

The identification, evaluation, and resolution of a particular pollution problem typically evolves
in the reverse of the direction implied by the above, that is

—

Identification of an adverse receptor effect.

2. Determination of the substance of substances causing that effect and estimation of the

threshold concentration below which the effect is no longer important.

Identification of the source of the polluting substance or its precursors.

4. Estimation of the mixing and transformation processes between source and receptor so
that the threshold receptor level (the no-effects or acceptable effects level) can be
translated into a safe emission level.

5. Control of the source to achieve the safe emission level.

w

An environmental engineer is the type of engineer that must work with each of these problems
and assist in their evaluation and resolution. Although an environmental engineer should be able
to contribute to each of these areas, some of these may be better addressed by other professionals.
If the adverse receptor effect is a human health problem, for example, physicians and the affected
public can generally more effectively identify the problem. Similarly, life scientists are better
equipped to identify the causes and effects of environmental pollution on the flora and fauna of a
particular ecosystem. An environmental engineer might be asked to help assess the cause of the
problem, however, both as to the chemical and its source.

Source control is often thought of as the defining activity of an environmental engineer, but it
is also sometimes better addressed by someone other than an environmental engineer. It is often
the engineer trained in a core engineering discipline that has the knowledge and experience to
identify, design, and implement a control strategy or technology within an industry served by that
discipline. If the pollutant source is a chemical production facility requiring, for example, a gas
scrubber to reduce emissions of a particular pollutant, it is often a chemical or mechanical engineer
that may design and construct the treatment system. It is also a chemical engineer that is likely to
have sufficient knowledge about a chemical facility to identify process changes that will lead to
minimization or reuse of the waste streams. Similarly, it is probably inappropriate to expect all
environmental engineers to develop the detailed design of a drinking water piping system, a
rainwater collection system, or a municipal wastewater treatment system, traditional activities of
civil or sanitary engineers.

An environmental engineer would, however, be expected to have a greater understanding of
the environmental impact of engineering activities than traditionally trained engineers. In addition,
the environmental engineer should exhibit a greater understanding of the availability and feasibility
of control and waste minimization technologies than an environmental scientist. Thus an environ-
mental engineer serves in an integrating role, meshing traditional engineering activity with envi-
ronmental concerns. This is depicted in Figure 1.1 where the environmental engineer is seen to
hold a central position between the environmental scientist with a traditional focus on the ecosystem
and the impacts of development and the industry engineer with a traditional focus within the
fenceline of such a development. The greater breadth of the ideal environmental engineer encourages
them to see on both sides of the fence. It is from this perspective that the environmental engineer
may be best able to resolve environmental issues while balancing all external constraints, whether
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FIGURE 1.1 Relationship between an environmental engineer and other disciplines and constraints.

they be technical, economic, or societal constraints such as moral, social, political, or legal con-
straints.

The defining activity of an environmental engineer is thus the application of engineering science
to the analysis of environmental processes and effects and the design of control systems designed
to minimize adverse effects on those processes. Among the technical functions that fit this definition
of an environmental engincer are

» ldentifying sources of a pollution problem on the basis of a knowledge of viable migration
pathways in the environment

» Evaluation of the fate and transport processes of a pollutant between source and receptor
to assess exposure or identify a rate of emission that would achieve desired exposure goals

» Evaluation, design, and implementation of systems designed to remediate contaminated
soil, sediments, or water

¢ [nteracting with science disciplines in the identification of a pollution problem and the
human or ecological response

* [nteracting with other engineering disciplines in the evaluation, design, and implemen-
tation of systems designed to control pollutants in industrial facilities

In addition to these technical issues are the legal, societal, political, and economic issues alluded
to above. Although these issues are not completely within the control of the environmental engineer,
the nature of the issues confronting an environmental engineer are such that a significant fraction
of his activity is likely to be associated with addressing these issues. Although not the primary
focus of this text, these issues will be included where appropriate.

It is important to recognize that complete elimination of pollution is an unachievable goal. L.J.
Thibodeaux (1992) stated the problem succinctly when he stated, “I am, therefore I pollute.” Control
can only approach but not achieve 100% efficiency. It thus becomes the task of the engineer to
balance the cost of environmental degradation with the cost required to control that degradation.
Because these costs are often paid by different segments of the community, they have rarely been
considered together. It is also generally much more difficult to identify and assess the costs
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Costs
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FIGURE 1.2 Cost of pollution vs. cost of control. (From Seinfeld, I.H. (1975) Air Pollution, Physical and
Chemical Fundamentals, McGraw-Hill, New York. With permission.)

associated with uncontrolled pollution or environmental degradation. Costs of pollution might
include increased medical costs for sensitive people or loss of a quantifiable resource or material.
It might also include the less easily quantifiable factors of premature death and reduction in the
quality of life or habitat for sensitive species. Especially difficult is establishing these *“‘costs” to
future generations. The long-term environmental effects of any activity are difficult to estimate.
This information is needed, however, if the goal of producing maximum environmental benefit at
least cost is to be realized.

Typically, most of the pollution from a particular source may be controlled relatively inexpen-
sively. The increasing cost of further control must be balanced against the comparatively small
environmental benefit to be realized. There exists, al least in principle, a minimum total cost for
any activity as depicted in Figure {.2. A desirable goal for the environmental engineer is to define
that minimum cost. If these total costs were defined in relation to a particular industrial or
commercial development it would then be possible, again in principle, to make an informed decision
whether to go ahead with the development. For the reasons outlined above and discussed in more
detail in Chapter 2, however, this ideal is rarely, if ever, achieved.

1.2 THE ENVIRONMENTAL ENGINEERING PROCESS —
MODELING

As indicated above, environmental engineering is largely about evaluating environmental processes
and effects and designing or constructing systems o minimize any potential adverse effect of more
traditional engineering activities. A key component of this process is modeling. Modeling is used
to demonstrate understanding of past system behavior and to project that understanding for the
prediction of future behavior or to design appropriate control measures. A model can be conceptual
and qualitative, but generally it is not possible to demonstrate understanding of a process and make
appropriate decisions influencing that process if there is no quantitative measure of success or
failure. Thus, the environmental engineer’s preference is for models that are as quantitative as
possible given the uncertain nature of many of the processes with which he or she must deal.
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FIGURE 1.3 Types of models for environmental systems.

Models can be used to assess the impact of a particular action on the environment or to evaluate
the effectiveness of an intervention. Much of the material presented in this text can be viewed as
models developed to describe the behavior of processes in the environment or for waste treatment.

A model is nothing more than a representation of a system for the purposes of analyzing
behavior and decision making. A system is simply the entire domain affected by the environmental
problem in question while a model is a description of the processes of importance (to the particular
problem) within the system. The system may be the world for pollutants of global import. It may
also be an individual waste treatment process. A variety of models exist depending on the level of
understanding of the system and the objectives of the specific modeling effort. Models of waste
treatment processes are especially useful in that they provide a basis for design of engineered
systems. These models can always be tested against the performance of the constructed systems.
Models of processes and effects in the natural environment, however, are subject to large uncertainty
due both to the inability to exactly model particular processes and the difficulty of identifying what
processes are applicable to a particular situation. The type of model to be developed and used must
be matched with the information available. The basic types of models are shown in Figure 1.3 and
include:

Conceptual models — A conceptual model is literally a mental picture of the processes of the
system. This model is all that is possible when sufficient information about a system to enable
quantitative descriptions is unavailable. A conceptual model is also the first step in any successful
modeling effort. The qualitative understanding required to form a conceptual model is required to
produce a more sophisticated quantitative one.

Physical models — Often one of the first improvements over a conceptual model is a laboratory
simulation of the processes and systems under investigation. These physical models can be used
to explore the behavior of the system or to test mathematical models. They are especially useful
for very complex systems in that the physical model can be used to explore specific important
processes that cannot be isolated in the full system.

Mathematical models — Mathematical models are the most common modeling tool. They
range in sophistication from very simple algebraic models to lumped parameter models composed
of ordinary differential equations to dynamic spatially distributed models described by partial
differential equations. The form of the model employed is dependent upon the level of knowledge
available about the system being modeled and the objectives desired of the model.
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One of the reasons that models, and especially mathematical models, are widely used by
environmental engineers is that they provide a tool for systematic analyses of system behavior. To
illustrate the various levels of mathematical modeling tools of interest to an environmental engineer
it is useful to consider the need to predict environmental concentrations of a particular environmental
contaminant. The various forms of mathematical models and their abilities are illustrated below.

Algebraic models — They may be used to predict properties such as concentrations under
steady or time-independent conditions assuming that the contaminant is uniformly distributed or
well mixed over some region. Such models might be useful to determine the phases (air, water, or
soil) where a particular pollutant might reside or to define a “global” balance on the sources and
sinks of a particular pollutant.

Ordinary differential equation models — These may be used to extend the algebraic models
to conditions that are dependent on time or position. A contaminant might still be assumed to be
uniformly mixed over some region and the objective of the model would be the prediction of an
average or constant contaminant concentration. Such models are termed “lumped parameter models”
in that constant or average parameters can be used to describe such systems. A parameter is simply
a physical constant such as a rate constant that characterizes an important process within the system.
This is the minimum level of model capable of describing the basic features of many systems of
environmental interest. It might be useful in describing or predicting the dynamics of the recovery
of a particular environmental system after a pollutant source is removed, and when designing the
steady operation of pollution control devices.

Partial differential equation models — These can be used to describe either spatially variable,
or time and spatially variable properties such as the concentration of the contaminant within a
region. The model includes terms characterizing the change in concentration with distances in more
than one direction or with both distance and time. Because the objective is no longer an average
or assumed constant concentration, the model is termed a spatially distributed or a distributed
parameter model. These models are generally capable of describing more realistic phenomena in
both the environment and in waste treatment processes, but they are also the most difficult to
develop and require the most information to use.

It is important to recognize that large uncertainties may exist in attempting to quantify or model
some environmental processes or effects. In such cases, the objective of modeling may be limited
to identifying weaknesses in understanding or in atlempting to assess the relative significance of
various processes or effects. This information may be used to guide further investigation or to
choose an action from among various alternatives. Quantification or modeling does not necessarily
mean assigning an absolute value or rank. Still, without a measure of significance as provided by
modeling, the appropriate intervention to an environmental problem or the need for such interven-
tion cannot generally be determined.

The process of modeling incorporates a number of steps. These include:

e Definition of the system to be modeled

¢ Development of a conceptual model of the system

¢ Testing of the conceptual model and revision if necessary

e If appropriate, translation of the conceptual model to a physical or mathematical model
of the relevant processes

e Testing and validation of the model perhaps partly through use of a physical model to
support a mathematical model

¢ Use of the model to assess performance of the system

A key ingredient for successful application of a model is appropriate selection of the system
and the level of sophistication of the model to be employed. There is no clear guidance for these
selections, but the level of sophistication of the model should be consistent with (1) the nature and
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quality of the predictions desired of the model and (2) the quality of the data available 1o test the
model.

Especially important is the selection of the region to be modeled and the processes to be
included. Clearly if the objective is to determine trends in behavior with time, a steady-state model
cannot be used. To illustrate the selection of a system for modeling, consider the dynamics of ozone
in the stratosphere. The loss of stratospheric ozone, due in large part to the movement of halogenated
compounds from the earth surface, is a global concern and is difficult to understand and analyze
without consideration of the global system. As will be seen in Chapter 6, however, it is possible
to model the global behavior of certain stratospheric pollutants by assuming that their concentration
is constant over large regions of the atmosphere. Thus, lumped-parameter ordinary differential
equation models can be used to describe this macroscale behavior. In contrast, certain pollutants
are found in significant quantities only near individual emission sources. Large transients with both
time and space may occur requiring a distributed parameter (or partial differential equation) model
to adequately describe system behavior.

The environmental engineer should be cautioned, though, against defining an overly small
domain of influence or system. Engineers, as well as other professionals, have been faulted for
failing to consider the wider implications of their work. This results from defining overly small
“system” boundaries that do not adequately incorporate all processes that influence the phenomena
or problem of interest. Engineers tend to solve problems via decomposition, by breaking problems
into their component parts. While this approach has served the profession well, it can result in a
focus on minor components of a system rather than key “externalities” that can control system
behavior.

This has implications for the environmental engineer beyond system modeling. The environ-
mental engineer must always strive to see the broad implications of his and others work on the
environment. Focus on the components of a problem rather than its broader implications has led
to many of the environmental problems we encounter today. Traditionally engineers at an industrial
facility, for example, have tended to limit their view to activities within the fenceline and have not
considered environmental or other processes beyond that fenceline, except as required by law. This
single-minded focus on the primary activity has often led to severe environmental problems such
as those observed at many weapons production facilities in the U.S. where defense and security
issues were paramount over environmental concerns and where extensive remediation of the damage
is now required. A better recognition of the broader implications of an engineering activity is one
of the foremost objectives of an environmental engineer.

1.3 EXAMPLE ACTIVITIES OF ENVIRONMENTAL ENGINEERS

It is perhaps easiest to illustrate the activities of an environmental engineer through examples. A
few such examples are given below. They are presented to provide both illustrations of tasks that
an environmental engineer might be asked to perform and to provoke thought about common
environmental problems and their solutions. The reader is encouraged to consider the steps that an
environmental engineer might take in addressing these problems and the types of problems that
might arise.

Example 1.1: Remediation of soil contaminated by a gasoline leak

Soil may become contaminated with gasoline as a result of a transportation accident. Often the first
response is removal of some of the contaminated soil. Even after soil removal, however, it is possible
that some portion of the spilled gasoline will remain. Gasoline can move rapidly through soils and any
soil that contacts the gasoline will likely retain a residual equal to 10 to 20% of the soil volume. The
major health concern is ofien the aromatic compounds benzene, toluene, ethyl benzene, and xylene
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(the BTEX fraction), which may compose 10 to 20% of the gasoline. These compounds are relatively
mobile in soils and even very low concentrations can render drinking water unusable.

The technology used to remediate the soil may be selected, designed, and operated by an environmental
engineer. Because these compounds are relatively volatile, a popular means of remediating or cleaning
near-surface soils not saturated with water is by applying a vacuum and forcing air through the soil. A
vapor extraction system, any required above-ground treatment of the withdrawn air, and the in-ground
(or in situ) transport processes might be modeled by the environmental engineer to define the design
and estimate its effectiveness.

Example 1.2: Permit application based on atmospheric dispersion estimates

Industrial facilities are normally required to receive permission from a regulatory body before releasing
contaminants into the air or water. The permission is given in the form of a license or permit that defines
the amount of pollutant that can be released. An environmental engineer might be asked to support an
application for such a permit by estimating or measuring the amount that needs to be released, assessing
the ability to reduce that amount through some on-site treatment, and finally by modeling the impact
of the released material on the surrounding environment. Only by making a convincing case for the
need for the pollutant releases and demonstrating that the impact on the environment is minimal will
the facility be likely to receive permission for the emissions.

Example 1.3: Improving environmental performance after an audit

Often industrial firms identify potential environmental problems and solutions by conducting an envi-
ronmental audit. This is similar to an accounting audit in that individuals, usually external to the company
or facility, examine and evaluate the company’s performance, in this case their environmental perfor-
mance. External review and evaluation is an excellent way to identify problems or solutions that might
otherwise be missed. An environmental engineer might be expected to conduct such an audit, especially
in cooperation with an engineer or other professional that has intimate knowledge of the individual
industry or process. With the assistance of such an expert, it should be possible to identify potential
problems as well as their solution by revising on-site activities.

Example 1.4: Site assessment after plant decommissioning

An industrial facility removed from service is often a potential problem because of spills or leaks of
environmental pollutants during the plant operation. This is especially true for older facilities where
stewardship of the environment improved over time. Practices considered quite appropriate even 5 to
10 years ago may now be considered environmentally unsound. As a result, an industrial facility is
likely to require site assessment including on-site sampling after decommissioning. The range of
subsequent uses available to the facility will depend on the degree of contamination and the ease of
returning the site to more pristine conditions. An environmental engineer may be involved in both the
assessment of the site and the design and operation of any subsequent remediation process.

Example 1.5: Estimation of volatile emissions from surface impoundment

Trace quantities of volatile contaminants may be found in industrial process waters. Often, these are
treated by using the contaminated water stream as feed for bacteria in a biological treatment system.
Volatile contaminants, however, may not be degraded and instead released by evaporation. It is often
important to estimate the quantity of any such losses, especially in areas where such compounds
(typically volatile organic compounds) may contribute to other air pollution problems such as photo-
chemical smog or ozone pollution. An environmental engineer may be asked to estimate the fate of
any of the variety of compounds that might pass through such a system and, if necessary, design an
alternative control process that reduces the evaporation rate of the volatile compounds. Often such an



Introduction 9

effort would involve a combination of direct measurements and modeling to help interpret those
measurements.

Example 1.6: Emergency response

Some of the worst environmental problems have resulted from fires or other accidents in chemical
processing or storage facilities. Often a variety of chemicals might be stored in such a facility and
questions arise as to the appropriate means of fighting the fire or responding to the accident. Some
chemicals react violently with water while others might be transported off-site and into bodies of water
or to sensitive habitats through the use of water. An environmental engineer might be asked to provide
advice to a fire department to ensure that the response to the fire was appropriate and that the safety
of the firefighters was adequately safeguarded. An environmental engineer might also be asked to
estimate the impact of any combusted chemicals including predicting the form in which they would be
transported from the site, the concentrations likely to be observed at a receptor location, and the potential
adverse effects at that receptor.

Example 1.7: Mediator between industry and citizen groups

Local citizens are often concerned about environmental problems in their community. Often as a result
of questionable past activities, there is very limited trust of the polluting individual or firm. The issues
are often complex and not fully understood by the community and in some cases by the polluter. An
environmental engineer may be asked to provide an assessment of the conditions and help the community
understand the real risks associated with the environmental problems.

Example 1.8: Preparation of an environmental impact assessment

Much of the focus of the previous examples has been on industrial facilities which are largely assumed
to be the major causes of pollution. Any planned development whether commercial or industrial, is
increasingly being asked to assess the environmental impact of the facility during construction and
upon completion. If we consider a golf course development, as an environmental engineer you might
be asked to evaluate such things as:

o Habitat loss for native animals, especially endangered or threatened species
e Loss of native grasses or other flora

¢ Downstream or groundwater table impact of irrigation of the golf course

e Changes in the sediment loading of adjacent streams

e Traffic and noise problems associated with visitors to the course

Some of these issues are not easily addressed by an environmental engineer without appropriate
experience or without the assistance of specialists in these areas. The size of the development, however,
may be such that independent expertise in each of the important areas may not be economically justified.
Increasingly it is the more broadly trained environmental engineer that might be judged most capable
of adequately addressing these concerns.

These examples have illustrated the breadth of problems that an environmental engineer is
likely to face over the course of a career. While many of these examples illustrate a need for
knowledge of the technology of environmental control, they should indicate that any professional
preparation based entirely on current technologies is unlikely to assist in addressing the great variety
of problems that an environmental engineer must address. Instead, the examples indicate that the
environmental engineer requires knowledge of biological and chemical behavior, basic thermo-
dynamics, transport phenomena, and their application to environmental processes and conditions.
That knowledge, combined with knowledge of pollution control technologies, is what should define
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the training of an environmental engineer. It is in that direction that this text is aimed. The text
will focus on providing the beginning environmental engineer a firm grounding in the basic tools
of the analysis of environmental processes. It is hoped that subsequent courses will build on that
foundation and develop an environmental engineer appropriately trained in environmental science
and its technology.

[t is useful to provide a historical context for environmental engineering by providing a short
history of environmental pollution. The discussion will point out that anthropogenic pollution has
existed for at least several centuries, but that serious attempts at understanding and resolving the
problems are relatively recent. The relatively recent development of the field provides both great
challenges and great opportunities to the environmental engineer. The text will then turn to iden-
tifying current environmental problems and their regulation. In subsequent chapters, the basic
thermodynamics and transport phenomena that governs the behavior of these pollutants in the
environment will be introduced. The final chapters of the text will use this knowledge of the
chemical and physical properties of the pollutants and basic thermodynamics and transport phe-
nomena to evaluate environmental problems and their solutions in each of the environmental media,
i.e., air, water, and soil.

1.4 HISTORY OF ENVIRONMENTAL POLLUTION AND
ITS CONTROL

1.4.1 Earcy History

The environmental “problem” has only recently been recognized as such. Humankind's early efforts
were directed toward simple survival. The development and exploitation of the available resources
were both necessary and useful. In the sparsely populated and primarily agrarian past, environmental
problems were problems of nature that resisted human efforts at survival. As the population of
humankind grew and with the development of urban centers, however, the reverse became true.
People began to have a deleterious effect on their environment; for example, contamination of water
supplies through their activities and those of domesticated animals. With the development of heavy
industry and the nearly universal dependence on fossil fuels for energy, such problems have been
exacerbated. Although these problems have existed for several centuries in densely populated zones
and to a lesser extent in rural areas, it was not until very recently that control of these environmental
problems became an important issue for much of the world's population. Until the mid 20th century
the pressure to develop and exploit natural resources far exceeded the concern for the effects of
such actions. This remains true even today in many of the developing nations. In the more developed
nations, especially in North America, Western Europe, and Japan, the last three decades have seen
growing recognition of the problem of environmental degradation and a better understanding of
means to combat it. In recent years, there also has been an increasing recognition that some types
of pollution represent a global problem requiring global responses.

While widespread recognition of the problem of environmental degradation has come relatively
recently, its existence throughout history is undeniable. The early pollution problems were undoubt-
edly associated with agriculture. Clearing of the land for agricultural purposes contributed to erosion
while irrigation ditches and canals improved crop yields at the expense of other water users.
Domestication of sheep and cattle resulted in overgrazing followed by erosion and contamination
of drinking water supplies. Several biblical references to pollution exist, indicating the age of the
problem. As cities were built, more severe forms of environmental damage began (o occur. The
problem of disposal of municipal waste in Rome led to the construction of the Cloaca Maxima
(literally, great sewer) for the collection and discharge of wastes into the Tiber River. Even so, Otto
of Freising described Rome in the following manner in 1167. “The ponds, caverns, and ruinous
places around the city were exhaling poisonous vapors and the air in the entire vicinity had become
densely laden with pestilence and death.” The German Rhine River, which means clear river, was
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considered polluted in the middle ages. St. Hildegarde wrote in the thirteenth century that the waters
of the Rhine, if drunk unboiled, “would produce noxious blue fluids in the body.” In 1800, Samue]
Taylor Coleridge “counted two and seventy stenches” in the city of Cologne and wondered what
could “wash the river Rhine” of the city’s contamination. The Thames River in 18th and 19th
century London was another example of water pollution due to urbanization.

Although a number of problems were associated with urbanization and the release of raw
sewage into bodies of water, industrialization brought the most easily recognizable effects of
pollution. An early example is the mining and smelting of lead by the Romans in Britain. This
resulted in soil and water contamination by lead, the signs of which are still evident today.

Because England was the center of the Industrial Revolution, it provides the best historical
examples of industrial pollution. Many rivers lined by early factories were contaminated by their
activities. The earliest pollution control efforts were undoubtedly directed at sources of water
contamination due to their effect on drinking water supplies. Because people have long recognized
the importance and limitations of drinking water supplies, the initial steps toward water pollution
control were relatively straight{orward. The atmosphere, like the ocean, was generally considered
an infinite repository of wastes. Air pollution in England was the result of industrialization and
urbanization combined with the use of coal as fuel. Coal use in England was recorded as early
as 852 AD and over the subsequent centuries coal gradually replaced wood as a fuel. Occasional
complaints about coal smoke were recorded during these times. In 1306, a citizen was reportedly
executed for defying a royal ban on the burning of coal during sessions of Parliament. Despite
some recognition of the hazards of coal smoke, however, its use grew until about 3 million tons
were consumed in 1700. The primary use of coal prior to the early |7th century was domestic
heating, but within a very few years, industrial pollution became important in cities such as
London. With the identification of significant individual sources of pollution, it became possible
for people to focus the blame for the air quality degradation on small segments of the community.
John Evelyn wrote a pamphlet in 1661 identifying the industrial sources of coal smoke and some
methods for alleviating the problem. Evelyn felt that the smoky industries should be forced to
locate away from the city of London. In addition to smoke and soot, the combustion of coal resuits
in the oxidation of sulfur constituents to sulfur dioxide (SO,). The term acid rain was first used
in the 19th century in recognition that sulfur dioxide can be absorbed by water forming sulfurous
and sulfuric acids.

Despite the slowly increasing public awareness, it was not until 1814 that legislation concerning
air pollution appeared in England, and it was not until the mid 1800s with the Alkali Acts that any
real control methods were attempted and there were no truly effective efforts to reduce pollutant
levels until this century. It was not until a clear link between human mortality and normal releases
of air pollution could be identified that widespread recognition of the problem was possible and
effective control measures began to be implemented.

1.4.2 Ar PoLLuTtioN EPISODES

The proof of a link between human mortality and air pollution came in a series of well-documented
severe air pollution episodes in the middle of this century. Table 1.1 summarizes these episodes
where people at risk (the old or sick) died due to sharp increases of pollutant levels during adverse
weather conditions. Note that there have also been a number of industrial accidents that have led
to deaths from the resulting pollution, most notable the more than 2000 people who died as a result
of the release of methyl isocyanate in Bhopal in 1985. These are not included in the table in that
they represent deaths clearly attributable to an abnormal level of emission. Such episodes lead to
control over individual sources and better planning to avoid or cope with industrial accidents but
do not generally lead to efforts to reduce the general level of normal emissions. The episodes in
Table 1.1, however, serve to illustrate that normal emissions can be deadly under certain meteoro-
logical conditions over which people have no control. The episodes tended to focus the attention
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TABLE 1.1
Air Pollution Episodes
Location Year Pollutants Excess Deaths
Meuse Valley, Belgium 1930 SO, 63
Donora, PA 1948 SO,, particles 20
Poza Rica, Mexico 1950 H,S 22
London 1952 SO,, particles 4000
1962 SO,, particles 340
New York 1953 SO,, particles 200
1966 SO, particles 168

of people in the industrialized world upon the effects of pollution (both air and water), and ultimately
started strong interest by the public in environmental problems and the development of effective
control measures.

The first of these episodes, in Belgium, was little understood at the time. As indicated in the
table, all of the episodes except that in Poza Rica, Mexico involved sulfur dioxide and particulate
pollution. These pollutants are associated with heavy industry and the combustion of coal. The
episode in Mexico involved hydrogen sulfide, a poisonous gas which has a characteristic rotten
egg smell. Although the early episodes were not well understood, they did raise concern about the
potential impact of similar conditions in a large city and impacting a large area.

Just such an episode occurred in London during December of 1952. Between the fifth and the
ninth of December of 1952, very little atmospheric mixing resulted in a rapid buildup of pollutants.
The stagnant conditions were the result of a strong temperature inversion over the city. A temperature
inversion is a condition in which air temperature increases with height rather than decreases. The
warmer and less dense air aloft dampens vertical motions from below and limits the vertical dilution
of pollutants from the surface. Such a limited ventilation condition occurs often in Los Angeles,
CA accounting for much of their air quality problems. When this occurred in London during 1952,
the visibility within the city was very poor and unusually smoky and sooty conditions were apparent
to everyone. The smoke (particulate) and sulfur dioxide (SO,) concentrations observed during this
period are shown in Figure 1.4. It should be noted that although this figure shows a maximum SO,
concentration of about 0.7 parts per million (ppm), some measurements indicated levels as high as
1.34 ppm. People at risk, such as emphysema victims, asthmatics, bronchitis sufferers, and the
aged, readily fell victim to the heavy “fog.”

The total number of deaths in London during each day in December is also included in Figure
1.4. Note the very rapid increase in the death rate as the pollutant concentrations began to increase.
The death rate in London in December of 1952 increased from approximately 250 per day to close
to 1000 per day during the peak of the episode. The difference between the actual and expected
number of deaths indicated that about 4000 people died as a direct result of the pollution episode.
Other supporting information included the death of an unusual number of animals on display at
the Smithfield Cattle Show.

This death rate would not be expected on the basis of the SO2 concentrations alone, suggesting
synergistic effects with the high particulate concentration. Larsen (1970) found a very good cor-
relation between deaths and the product of the SO2 and particulate concentrations observed during
a number of pollution episodes in New York and London, as shown in Figure 1.5. It is believed
that the presence of the particles accelerated a complex series of reactions that resulted in oxidation
of the SO2 to sulfuric acid.

While the atmospheric conditions which led to the excess deaths were unusual, there was no
reason o expect that they would not occur again. At the time of the “killer fog,” several thousand
tons per day of both particulate and SO, were emitted into the atmosphere over London. The
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realization of the potential human cost of air pollution led to action by the government of England,
culminating with the passage of the Clean Air Act of 1956. This laid the groundwork for pollution
control in England and ensured that a serious episode such as that observed in 1952 would not
occur again. The effectiveness of these control measures is demonstrated by the rapid decline in
smoke (or particulates) in London as depicted in Figure 1.6.

1.4.3 Warer Porrution Recuiation IN THE U.S.

An examination of the history of pollution regulation in the U.S. is also instructive. Let us first
focus on water pollution regulation. As indicated previously, attempts to control water pollution to
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Chemical Fundamentals, McGraw-Hill, New York. With permission.)

HCHO + hv — 2HO, + CO
HO, + NO — NO, + OH-

The reactions and their products are more numerous with more complicated organic molecules.
For example, alkylperoxy radicals may be formed from more complicated aldehydes. These can
also oxidize NO and in the process form additional aldehydes and other peroxy radicals, contributing
further to ozone production.

The hydroxyl radical, OH-, produced by these atmospheric reactions also can react with organic
molecules to produce more hydroperoxyl radicals or can directly oxidize NO, to form nitrates. For
formaldehyde, these reactions can take the form

HCHO + OH: — HO,- + CO + H,0
OH- + NO, = HNO;

Some nitrates, such as peroxyacetylnitrate (PAN), are important contributors to the hazards of
photochemical smog despite their presence in low concentrations.

The complexity of the processes that produce ozone and photochemical smog have made it
very difficult to achieve a solution to the problem. In addition to automobiles, oxides of nitrogen
are generated by essentially all combustion processes and complex hydrocarbons are released by
a variety of natural as well as anthropogenic sources. Most of the worldwide emissions of methane
are from natural sources, although methane is of limited reactivity and therefore does not contribute
significantly to urban photochemical smog. More importantly, trees release complex organic com-
pounds called terpenes that are a significant factor in the formation of ozone in the eastern U.S.
Even improvements in automobile emission control have a limited impact on photochemical smog
since the number of automobiles in urban areas continue to grow and several years are required
before new automobiles constitute a significant portion of the automobile fleet.

The fundamental question in resolving pollution problems is how to allocate finite resources
to achieve the maximum improvement in environmental quality at the least cost. For photochemical
smog, the chemistry is sufficiently complex to make the answer to that question ambiguous. Most
urban atmospheres exhibit a behavior similar to that shown in Figure 1.8. The highest ozone and
smog levels occur when the ratio of reactive hydrocarbons to oxides of nitrogen is neither very
large nor very small. At high ratios of hydrocarbons to oxides of nitrogen, the maximum ozone
levels obtained are essentially independent of hydrocarbon emissions. That is, increased control



Introduction 17

INDUCTION MAX IMUM
PERICOD 0Z0NE
CONCENTRA-
TION (ppm)
0.5
/ ,
0.6
0.4
0.5

[=]
.
(%)

[=]
.
N

Initial NO, Concentration (ppm as NOZ)

e
L

/ -
2

‘ S —— ~— L~
g 2 4 6
Initial Nonmethane Hydrocarbon Concentration (ppmC)

FIGURE 1.8 Isopleths of maximum |-h average ozone concentrations and induction periods as a function
of initial concentrations of oxides of nitrogen and nonmethane hydrocarbons. (From Seinfeld. J.H. (1980).)

of hydrocarbon emissions will have very little affect on maximum ozone levels. Similarly, at low
ratios, control of oxides of nitrogen has very little affect on maximum ozone levels. Thus, the
optimum or even a minimally effective control strategy depends significantly upon the understand-
ing of the chemistry of the local atmosphere. Even after extensive research in Los Angeles and
other urban areas, the mix of emissions and compounds present in any particular location make
it difficult 10 generalize about appropriate control strategics. In most urban areas, it has been
generally assumed that the ratio of hydrocarbons to oxides of nitrogen is relatively low and as a
result emission control efforts have been focused on hydrocarbons as the most effective means of
ozone reduction. In heavily wooded areas, however, where significant amounts of hydrocarbons
are emitted naturally, this assumption may be inappropriate and more effective ozone control may
be affected by focusing control efforts on oxides of nitrogen. This may be true for much of the
eastern U.S., for example.

Thus, the work of Dr. Haagen-Smit and the subsequent research into photochemical smog
marked a turning point in the history of the fight against air pollution in that

[. It identified a major pollutant which could not be controlled by regulation of strictly
industrial point sources.
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2. Itindicated the potential complexities of pollutant behavior in the atmosphere, complex-
ities that meant that no clear and universally applicable solution to the pollution problem
existed.

3. It demonstrated that research and process understanding was a necessary prerequisite (o
the development of effective pollution abatement strategies.

The work of Dr. Haagen-Smit set the stage for the modern era of controlling pollution. Its
lesson of no easy answers is still true today and is recognized by regulator and polluter alike. Since
Dr. Haagen-Smit's beginning, the first step in control of any complex environmental pollution
problem has been proper investigation through research. This research has built upon the existing
body of knowledge and provides an ever clearer picture of the effects and means of control for at
least some pollution problems. Unfortunately this may often lead to delays in responding to pollution
problems. Currently there is significant controversy over whether our understanding of global
warming and ozone depletion in the upper atmosphere is sufficient to justify the expenditure of
vast sums. This controversy has significantly delayed the development of a solid response to these
problems.

The examples given in this chapter illustrate environmental problems, their historical signifi-
cance, and the approach to their resolution. In Chapter 2, a more comprehensive summary of the
environmental problems that we currently face is provided.

PROBLEMS

1. For one of the example activities of an environmental engineer. consider the following questions. What is the system of
interest and its boundaries? What steps might you suggest to assess and resolve the problems with the system? Where might
modeling be employed to assist in the assessment or design of a response? What form might this modeling take. physical
or mathematical? What would be the objective of the model? What are the key externalities or outside influences on the
system that should be considered? What should be the goal of the environmental engineer? What are other constituencies
and “stakeholders™ and would they express a different goal?

2. Is pollution more or less of a problem than it was 40 years ago? What pollution problems are worse? What environmental
issues may be less of a problem?

3. How are the lessons learned from the London killer fog episode different from those learned from the Bhopal incident
in 19857

4. Can you postulate a mechanism for the observation that SO, and particulates together can be more hazardous than
separately at similar concentrations?

5. Figure 1.6 shows a direct relationship between reductions of “smoke” emissions and observed concentrations. Would
you expect a similar relationship between maximum ozone levels and oxides of nitrogen or reactive hydrocarbons?

6. If you were Dr. Haagen-Smit. for what clues might you search to demonstrate that particulates and SO, were not the
primary cause of Los Angeles smog?

7. Based on Figure 1.8, is it possible to encounter conditions in which increases in nitrogen oxides wili decrease ozone?

8. Name and discuss some current environmental issues for which the research is not yet compleie and the scientific basis
for an environmental management decision is lacking.

9. The fundamental components of the Los Angeles ozone problem were recognized by 1970 and it was felt at that time
that the problem could be resolved by the mid 1980s. What factors may have caused this projection to be overly optimistic?
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2 Environmental Hazards and
Their Management

2.1 INTRODUCTION

In this chapter, a number of environmental hazards will be discussed. These include the historical
hazards identified in Chapter | as well as other problems that have been identified more recently.
The environmental hazards discussed include a variety of conditions that are not easily linked to
individual pollutants or sources. These conditions are driven by a variety of factors that stress the
environment and lead to imbalance and potential environmental degradation. They are sometimes
global in scope which increases their importance but makes it even more difficult 1o define and
address the causes. Some of these hazards include:

° Population growth

e Loss of biodiversity

* Global warming

e Ozone depletion in the stratosphere

In contrast to these global problems, localized environmental hazards associated with specific
environmental pollutants and sources are more easily understood and controlled. As illustrated by
photochemical smog in Chapter 1, they may still represent formidable challenges. Many scientists
and engineers differentiate between environmental contaminants, which may or may not have an
adverse environmental impact, and an environmental pollutant, which has an observable negative
impact on human health or the ecosystem. The adverse effects of poliuiants depend on the avail-
ability of suitable transpori pathways between source and rccepior. Thus, the emphasis is on
contaminants that are found or may partition o a mobile phase such as air or water. We will separaie
our discussion of these pollutants by the media impacted. Much of the work of the environmental
engineer is aimed at identification, assessment, and control of these poliutants.

In the subsequent sections of this chapter, the causes and affects of global, atmospheric, and
waterborne environmental hazards will be discussed and the means of assessing and managing
these hazards will be examined. The reader is encouraged to seek additional information on these
hazards through the worldwide web site of the U.S. Environmental Protection Agency at
http:/fwww.epa.gov.

2.2 GLOBAL HAZARDS
2.2.1 PoruLaTioN GROWTH AND STANDARD OF LiviNG

The rapid growth in human population in the past century has placed strains on the environment.
Each member of the population has needs for food and shelter that can only be met at some expense
to the environment. The environmental impact of human civilization depends on the needs and
desires of the population (their standard of living) and the efficiency with which these needs can
be met. Let us define the per capita standard of living in terms of the environmental impact of
achieving that standard of living. The ideal per capita resource usage is the minimum amount of
resources and environmental degradation required Lo achieve that standard of living. The ideal per
capita resource usage is nonzero regardless of the degree of environmental control or the desired
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standard of living. We could define the minimum ideal per capita resource usage as the actual per
capita usage multiplied by an environmental efficiency. The environmental efficiency measures the
effectiveness of translating environmental degradation and resource usage into the maximum pos-
sible standard of living. It simply measures the effectiveness of environmental control efforts and
the environmental impact of the approaches and technologies employed to achieve the desired
standard of living. These are not easy concepts to quantify but they suggest

(Population) % (Ideal Per Capita Resource Usage)

Environmental Impact o

2.1

(Environmental Efficiency)

Thus, reduction in the environmental impact of the Earth’s population can be achieved by reducing
population, decreasing their average standard of living (as measured by resource usage), or mini-
mizing the impact of a given standard of living on the environment through environmental controls
and planning. The simplicity of this relationship belies the considerable complexity of its compo-
nents. Equation 2.1 simply expresses that the meeting of human needs and desires always results
in some negative environmental impact, the magnitude of which depends on the desired standard
of living, the number of people aspiring to that standard of living, and the effectiveness of efforts
Lo mitigate the resulting environmental impact.

Let us consider the problem of providing shelter for a population. If a woodframe house for
every family represented the desired standard of living this would entail a minimum environmental
damage associated with the use of wood and other materials used to construct the dwelling. The
environmental efficiency, and thus the environmental impact, of that choice for a standard of living,
however, would be different depending on the degree of environmental control and planning in the
harvesting and preparation of the wood and other materials.

Note that the three factors of population, ideal resource usage, and environmental efficiency
are not independent. In a developing country the lack of quality medical care (a component of
standard of living) can impact population, while the lack of access to appropriate environmental
control technologies in the same population can decrease the environmental efficiency. Despite
these limitations, the relationship does provide a means of conceptualizing the three most important
factors in degradation of the environment as the result of human activities.

Minimization of the impact of human activities on the environment can be achieved with the
least controversy by improving the environmenta! ¢fficiency; namely, minimizing the environmental
impact per unit resource usage or standard of living. This can occur primarily through the use of
practices and technologies that minimize the environmental impact or through technological
advances in waste treatment. This is clearly a desirable goal and is the primary effort of the
environmental engineer. Relatively simple and inexpensive changes can sometimes achieve dramatic
improvements in environmental efficiency, especially in the less developed portions of the world.
The application of basic wastewater treatment can, for example, dramatically lessen the environ-
mental impact of an industry or small city on an adjacent river. In the more developed countries,
more sophisticated solutions may be required to further improve the environmental efficiency. The
other factors of population and standard of living have proven more difficult to change.

2.2.1.1 Population

Developed western nations have tended to view global environmental degradation as a problem
strongly associated with population growth. Population growth in less developed countries is about
2.1% per year, 2.4% if the growth rate in China is not included in this total (Population Reference
Bureau, 1989). In the more developed countries, the average population growth rate is only about
0.6% per year (Population Reference Bureau, 1989). In addition, the less developed countries,
including China, contain about 80% of the world’s population. With an average growth rate of
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2.1% per year, the more than 4 billion people in less developed countries would double to more
than 8 billion in about 33 years. Growth that is proportional to the current population is referred
to as exponential growth. Mathematically it can be written

dap
— =kP 2.2)
dt

where P is the population at any time, dP/dt is the rate of population growth with time, t, and k is
a growth rate constant in fraction per unit time. The solution to this differential equation is

P(1) = P(0) e (2.3)

The time required for the population to double is simply given by

In2 70
ko k(%)
where k(%) is the growth rate constant in % per year. Thus, a 2.1% per year rate of growth results
in a doubling in 33 years, as indicated above. At the lower growth rate of the developed countries,
more than 116 years would be required before their population would double. The more rapid
growth rate as well as related statistics such as fertility and infant mortality rates are included in
Table 2.1 for both the more developed and less developed countries.

TABLE 2.1
Population Statistics

Developed Less Developed
Statistic World Countries Countries? China
Population (millions) 5234 1206 2924 1104
o 100 23 56 21
Birth rate (#/1000 population) 28 15 35 21
Death rate (#1000 population) 10 9 11 7
Fertility rate (births/female) 3.6 1.9 4.7 2.4
Infant mortality rate (#/1000) 75 15 93 44
% Population under 15 33 22 40 29
Growth rate (%/year) 1.8 0.6 2.4 1.4
Est. population in year 2020 (millions) 8330 1339 5468 1523

2 Excluding China
Source: Population Reference Bureau (1989) /989 World Population Data Sheet. Washington, D.C.

There is a finite capacity of the Earth to accommodate the needs of this growing population.
Given a level of technological development and environmental efficiency there exists a correspond-
ing human carrying capacity of the world. If this carrying capacity is exceeded, either a reduction
in numbers or a decrease in resource usage or standard of living must result. Unfortunately, it is
not possible to accurately estimate the world’s human carrying capacity. A system that is limited
by a maximum carrying capacity is described by logistic growth dynamics. Mathematically, Equa-
tion 2.2 must be modified to indicate the slowing of growth near the carrying capacity.
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dp P
o= kP(I - E] (2.4)

Here, C is the carrying capacity, the maximum allowable value of P. The factor P/C is resistance
to continued population growth as the population nears the carrying capacity. For small values of
the population the resistance factor is near 0 and the exponential growth of Equation 2.3 is followed.
As the population nears the carrying capacity, however, the rate of growth slows as environmental
factors reduce the standard of living and force a steady-stale population. The solution to Equation
2.4, which describes the population as a function of time is given by,

_ C P(0)e™
PO= by —n+c (23)

Equation 2.5 clearly has the appropriate limits of exponential growth at short times and at long
times when e¥ is large, P approaches C, the carrying capacity. A plot of Equation 2.5 is shown in
Figure 2.1. This plot assumes that the population when the period of logistic growth began was
5% of the carrying capacity.
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FIGURE 2.1 Tllustration of logistic growth kinetics assuming that the period of logistic growth begins when
the population is 5% of the carrying capacity.

Given a growth rate of 2.1% per year, as observed in the less developed countries, 100 years
would be required to move from 50% capacity to slightly more than 90% capacity. It is also
important to recognize that population growth continues long after corrective action is required
since the average lifetime exceeds 70 years in the developed nations, and a rapid increase in average
life expectancy is being observed in developing nations as medical care improves. Note that
according to the logistic growth model, the maximum growth rate occurs at half of the carrying
capacity. The maximum growth rate is an indication of conditions which are most favorable to
growth and thus might represent a potential for the highest standard of living. Its value as half of
the carrying capacity is dependent on the applicability of the logistic model to human population
statistics, but clearly the optimum population is less than the carrying capacity of the worid. For
populations of animals subject to harvesting (e.g., fish), the maximum growth rate corresponds to
what is termed the maximum sustainable yield in that removal or harvesting at this growth rate can
be continued indelinitely without depletion of population stocks.
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It is clear that population is a potentially significant factor in environmental degradation.
Population must be stabilized prior to achieving the carrying capacity of the Earth or else natural
forces will force stabilization of the population. Unfortunately no one knows what the carrying
capacity of the Earth might be. It is instructive to recognize that the entire world’s population could
be housed in an area the size of New Zealand if it had the population density of a modern city.
Viewed in that manner, it would seem possible that a clean, modern city could be built for all of
the world’s inhabitants that would have a minimum impact upon the Earth’s environment. Under
current economic, social, and political systems, however, this is unlikely to occur or even be
considered desirable, and there remain many regions of the Earth subject to drought and famine
because the local carrying capacity of the Earth has been exceeded.

2.2.1.2 Standard of Living

Population is not the only means of controlling the environmental impact of humankind. As
indicated previously, the standard of living is also a significant factor, at least as measured by the
per capita resource usage or degradation of the environment caused by a given standard of living.
This is often the view of the developing world which sees the high standard of living of the more
developed nations as a significant factor in environmental degradation. The population of the U.S.,
for example, is approximately 250 million people (1990 U.S. Census). This is less than 5% of the
world’s population, but in 1987 the U.S. accounted for almost 22% of the carbon released from
fossil fuels. As will be seen, the combustion of fossil fuels is linked to most of the observed local
and regional air quality problems and also is seen as a major contributor of greenhouse gases to
the atmosphere that are responsible for global warming. Thus, carbon emissions are well correlated
with at least the potential for significant air quality degradation of the environment. Because the
combustion of fossil fuels provides power and heat for homes and factories and fuel for automobiles,
carbon emissions are also closely linked with the productivity and standard of living in the U.S.
and other more developed nations.

Table 2.2 shows the carbon emissions in a number of countries. The total carbon emissions
vary dramatically between the more developed countries and the less developed countries, as does
the carbon usage per capita. The carbon emissions per dollar gross national product (GNP), a
measure of the total economic output of a country, however, vary much less. This again illustrates
the correlation between economic productivity, at least as measured by the GNP, and fossil-fuel
carbon emissions. To their credit, the more developed nations have significantly improved their
efficiency of using fossil fuels with the carbon emissions per dollar of GNP dropping about 25%
between 1960 and 1987. The total carbon releases, and presumably the resulting stresses on the
global environment, have increased dramatically due to the expansion of the economies of all
nations. Recent efforts to reduce carbon usage and carbon dioxide emissions by developed countries
may reverse this trend.

For the foreseeable future, however, improvements in the economies and standard of living of
developing countries are likely to result in increased carbon emissions from fossil fuels. It is unlikely
that increases in the efficiency of carbon usage (for example, releases per dollar of GNP) will be
able to offset the entire increase without significant political will to change the fuel mix or reduce
fuel usage in the developed countries. This leaves, therefore, either additional environmental
degradation in the form of increased worldwide carbon releases, reduction in the standard of living
and production in the more developed countries, or limited economic and standard of living growth
in developing countries. This will be a difficult and contentious issue between developing and more
developed countries for some years to come.

As the standard of living and population in the currently undeveloped world continues to grow,
is the carrying capacity of the Earth sufficient to meet this increased need for resources given
current levels of technology? Can technological improvements fill the gap or is degradation in
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TABLE 2.2
Carbon Emissions from Fossil Fuels
Carbon per $ GNP per capita
(10 tons) (g) (tons)

Country 1960 1987 19690 1987 1960 1987
U.s. 791 1224 420 276 4.38 5.03
Soviet Union 396 1035 416 436 1.85 3.68
China 215 594 NA 2024 0.33 0.56
Japan 64 251 219 156 0.69 2.12
West Germany 149 182 410 223 2.68 2.98
India 33 151 388 655 0.08 0.19
Poland 55 128 470 492 1.86 3.38
Nigeria 1 9 78 359 0.04 0.03
World 2547 5599 411 327 0.82 1.08

Adapted from: Flavin, C. (1990) State of the World 1990, Worldwatch Institute, Norton, NY.

the standard of living in the developed world a necessary consequence? Some would suggest that
the development of a western-style civilization in the currently undeveloped world will have
devastating consequences for the environment and ultimately the standard of living throughout
the world. Issues of equity, however, suggest that it is unlikely that a higher standard of living in
the developed world can be maintained indefinitely. It is clear that the social and political pressures
of these issues should be minimized (but they are unlikely to be eliminated) by the use of
environmentally friendly technologies bringing about improvements in environmental efficiency
in the human population.

2.2.2 Loss ofF BioLogicaL DiversiTy

Human development and population growth has resulted in rapid extinction of a number of plant
and animal species. This has led to concern about the ability of the Earth to sustain the biological
diversity upon which all life depends. Biodiversity refers to the wide variations seen in plant and
animal life on the planet. At least three types of diversity exist.

* Genetic diversity — Variation between individuals of the same species

e Species diversity — Variation within an ecosystem by the presence of different species

» Ecosystem diversity — Variations within and among species in different ecological
environments

Many reasons exist 1o protect biological diversity. Moral, ethical, and aesthetic reasons are
commonly cited to protect and preserve the beauty of the natural environment for present and
future generations. There are a number of practical reasons to work to maintain biodiversity. These
include:

* Genepool preservation — A broad genepool provides a source of plant and animal traits
that may be introduced into valuable agricultural products

¢ Genepool diversity — Biodiversity preserves traits that may be needed to adapt to a
changing environment or conditions
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e Important products — Many important medicines are extracted from natural plants and,
in addition, many plants have never been evaluated for commercial or medical benefits;
retention of biodiversity ensures that these products will be available when found

» Ecosystem stability — Ecosystems depend on a variety of interdependent organisms to
survive and thrive, and elimination of any one organism could threaten the survival of
the entire ecosystem

The causes of loss of biodiversity are many. Included among the causes are stresses induced
in plants and animals from environmental pollutants. For some species, overharvesting has elimi-
nated species from the wild or caused complete extinction of certain species. In sensitive ecosys-
tems, the introduction of non-native species has resulted in dislocation of natural species reducing
biodiversity. This is easily seen in Australia and New Zealand which were largely isolated until
the last century when human immigration led to the introduction of a number of non-native and
feral species into these countries. The large rabbit and possum populations in Australia and New
Zealand, respectively, are just two examples of the result of introducing species into an environment
with no natural predators. The rapid growth of these species has stressed the environment and
limited the availability of food for native species.

The most important cause of loss of biodiversity, though, is the physical alteration of the
environment. These alterations can be placed into one of three categories.

Conversion of the natural environment 1o other uses (e.g., residential development).

2. Fragmentation of the ecosystem resulting in smaller ecosystems that are not themselves
sustainable.

3. Simplification of an ecosystem by selective harvesting or creating conditions leading to

dominance by a single specics.

The goal of maintaining biodiversity is central to minimizing the impact of human activities
and the concept of sustainabie development. Achieving the goal requires knowledge of the processes
operative in an ecosystem and recognition of the role that individual plant and animal species play
in those processes. The importance of biodiversity to an environmental engineer is the need to
recognize the interdependence of organisms within an ecosystem and the attempt to understand the
broad, long-term impact of an engineering development. An environmental engineer may not lead
or control the effort to maintain biodiversity, but he needs to ensure that he does not become overly
focused on the goals of the particular project and not the broader environmental implications.

2.2.3 GrosaL WARMING

The ability of humankind to exceed the carrying capacity of the Earth on a local or regional basis
has long been recognized. Even hunter-gatherer societies recognized that overhunting in a particular
area required the tribe to move to a new area when game stocks were reduced. This problem was
aggravated by early agricuiturally based societies and aggravated further by early industrial soci-
eties. In the past few decades, however, it has become recognized that the activity of humankind
can have a global impact on the environment. With this recognition comes the chilling realization
that humankind can seriously endanger their ability to survive on the planet. Population growth
and development have always been recognized as environmental challenges. Identification of global
environmental changes as a result of human activities provides evidence of the potential severity
of those challenges.

The first large-scale environmental change that seemed to be linked to human activities is the
rapid increase in atmospheric carbon dioxide levels that has been observed since the beginning of
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The Rise in Atmospheric Carbon Dioxide
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FIGURE 2.2 Concentration of atmospheric carbon dioxide at Mauna Loa Observatory. (From Keeling, C.D.
et al. (1989) Aspects of Climate Variability in the Pacific and Western Americas, Geophysical Monograph,
American Geophysical Union, Vol. 55. With permission.)

the industrial revolution. Examination of air bubbles trapped in ice in Antarctica has suggested that
carbon dioxide levels fluctuated between 180 and 300 ppm over the past 150,000 years (Barnola
et al., 1987). While carbon dioxide levels were 280 ppm as recently as the year 1750, they had
increased to more than 330 ppm in the southern hemisphere and to more than 350 ppm in the
northern hemisphere by 1990. This is illustrated in Figure 2.2. Because CQO, is the natural end
product of fossil fuel combustion, the anthropogenic sources of this pollutant have grown drastically
in this century. In 1950, about 6.4 billion metric tons of CO, were emitted and the ambient CO,
level was 306 ppm. By 1975, the emissions had tripled to about 18 billion metric tons and the
ambient CO, level was almost 330 ppm. [t has been estimated that about 50% of the CO, emitied
from anthropogenic sources each year remains in the atmosphere. The remainder is presumably
absorbed in the oceans or incorporated into the biosphere.

Further evidence that this recent increase is the result of human activities, and specifically the
increasing use of fossil fuels since the advent of the industrial revolution, can be found by comparing
the historical record of carbon dioxide concentration with temperature. Both are recorded in ice
cores — carbon dioxide by the composition of trapped gas bubbles and temperature by the ratio
of element isotopes in the ice. The general pattern of air movement is toward the pole during which
the air cools and higher boiling point fractions are condensed. Lighter isotopes have a lower boiling
point and tend to be found in somewhat higher concentrations in the air or water vapor from which
ice is formed near the poles. Thus, isotopic ratios in ice cores at the poles can be related to mean
atmospheric temperatures. Figure 2.3 indicates the high degree of correlation between carbon
dioxide levels in the trapped gases and the ambicnt temperatures estimated in this way. The only
significant deviation has occurred in recent times, presumably due to the large increase in carbon
dioxide emissions into the atmosphere during the Industrial Revolution.

The importance of the increased emissions of carbon dioxide is the result of the greenhouse
effect. The greenhouse effect is the ability of atmospheric gases 1o absorb the energy radiating from
the Earth, reducing energy losses to space and ultimately increasing the Earth’s temperature. It is
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FIGURE 2.3 CO, concentrations (ppm) and Antarctic temperatures (°C) plotted against age in the Vostok
record. Temperatures are referenced to current Vostok surface temperature. (From Barnola, J.M., et al. (1987)
Nature, 329, 1 October. With permission.)

so named because of the similar energy containment process associated with greenhouses. The
Sun’s energy incident upon the Earth is heavily focused in high energy short wavelength light with
a maximum intensity at a wavelength of about 0.5 um. The energy radiating from the Earth, however,
is at much lower energies and longer wavelengths with a maximum intensity around 10 pm. It is
these low energy, longer wavelengths that are effectively absorbed by carbon dioxide and other
trace gases in the atmosphere. Carbon dioxide, for example, strongly absorbs light with a wavelength
of 13 to 18 pm. Oxygen (O,), ozone (O,), and water vapor (H,0) tend to absorb higher energy
light with a wavelength of less than 10 pm. Thus, the absorption of energy radiating from the
Earth’s surface tends to be largely associated with the presence of specific gases present at much
lower concentrations than oxygen or water vapor. Figure 2.4 depicts the resulting greenhouse effect.

The greenhouse effect can be illustrated quantitatively by assuming that the Earth’s temperature
is approximately constant. Then the net energy absorbed by the Earth and its atmosphere must
equal the net incident radiation. In particular, the energy absorbed by the atmosphere must equal
the difference between the energy radiated from the surface and the incident radiation that is not
directly reflected by the Earth.

Energy Absorbed by Energy Incident
Atomosphere and = Radiated - Solar — Energy Reflected (2.6)
Greenhouse Gases from Surface Radiation

The incident solar radiation averages about 343 W/m? of the Earth’s surface. The albedo of the
Earth, or the fraction of the incident radiation that is reflected, is about 30%, or about 103 W/m?2.
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The average temperature of the Earth’s surface is about 15°C or 288 K. The energy radiated from
a body at this temperature is expected to be about 390 W/m? from the formula

) W
Energy Radiated from Surface = T" = (5.67 x1078 g J(288 K)* =390 % 2.7

g is termed the Stefan-Boltzmann constant. Note that radiation from a surface is a strong function
of temperature (fourth power dependence). Using these estimates in Equation 2.6, the energy that
must be absorbed by greenhouse gases in the atmosphere must be about 150 W/m?, or about 38.5%
of the energy radiating from the surface.

Thus, an impressive amount of the Earth’s radiated energy is absorbed in the atmosphere by
the trace greenhouse gases. Table 2.3 summarizes the most important greenhouse gases.

FIGURE 2.4 Greenhouse gases trap long-wavelength energy from the Earth’s surface, heating the atmo-
sphere, which, in turn, heats the Earth. (From Masters. G.M. (1991) Introduction to Environmental Science
and Engineering, Prentice-Hall, Englewood Cliffs, New Jersey. Wiih permission.)

TABLE 2.3
Major Greenhouse Gases

Annual Total

Air Conc. Increase Relative Absorption

Gas (ppm) (%) Efficiency (%)
Carbon dioxide 351 0.4 1 57
Chloroflurocarbons 0.00225 5 15,000 25
Methane 1.675 1 25 12
Nitrous oxide (N,0O) 0.31 0.2 230 6

Source: Flavin (1990)
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Although carbon dioxide is not an inherently strong greenhouse absorber, its presence in such
relatively high concentrations means that it accounts for more than half of the total greenhouse
effect. Looking at this table and the proportion of energy that is absorbed by the atmosphere, it is
perhaps surprising that the rapid recent increase in carbon dioxide levels has not already led to
significantly higher global average temperatures.

The actual degree of warming expected to result from the increase in carbon dioxide levels is
still controversial. Complicating factors include environmental sinks for carbon dioxide, such as
the ocean and atmospheric changes in cloud cover and global weather patterns. Between 1880 and
1940, the mean temperature of the Earth’s surface increased about 0.5 K. Surprisingly, however,
the Earth’s average temperature decreased about 0.2 K between 1940 and 1975, the period of the
greatest increases in CO, emissions. Although the global climatic effects of this pollutant may be
overshadowed by other processes, there is concern about its potential effect if the emissions remain
unchecked. The climatic effects of CO, may be the limiting factor on the use of fossil fuels in the
next century. [t is generally expected that a doubling of carbon dioxide levels will lead to a
temperature increase of 1.5 to 4.5°C (Masters, 1991). Although these temperature changes may
seem small, a 4.5 °C temperature would result in temperatures not observed on Earth for the past
100 million years. Temperature changes of that magnitude would likely lead to significant dislo-
cations of current productive agricultural areas and extensive melting of the polar ice caps with an
accompanying rise in sea level of a few meters.

In order to avoid these changes, international efforts are now underway to reduce fossil fuel
use and global deforestation. Both of these activities lead to the release of carbon into the envi-
ronment, ultimately leading to the formation of more carbon dioxide. As indicated previously by
Table 2.2, there is generally a good correlation between carbon usage and the size of the economy.
Because the size of the economy as measured by GNP is often used as a crude indicator of standard
of living, the political difficulties of controlling carbon usage become clear. 1t is doubtful that
meaningful reduction in the volume of carbon released Lo the atmosphere can be achieved without
some economic dislocations. Clearly there are differences in efficiency between countries, as also
shown in Table 2.2. In addition, it should be remembered that the GNP is a measure of the size of
the economy and is, at best, a misieading indicator of standard of living. The costs of environmental
degradation and advantages of energy efficiency, among other factors, are not appropriately included
in the total.

The reduction of carbon released into the environment does not necessarily mean reduction in
energy usage and reduction in GNP. Natural gas contains less than 60% of the carbon per unit
energy produced during combustion than coal. Thus, use of natural gas can significantly decrease
greenhouse gas emissions. Other sources of energy such as solar, wind, or nuclear energy produce
no greenhouse gases during the production of electricity. Unfortunately, natural gas is a nonrenew-
able resource with limited supplies and problems remain in providing cost-effective and safe
electricity from the other sources mentioned. In addition, most of the world’s supply of fossil fuels
is in the form of coal which has the highest carbon dioxide emissions per unit of energy produced
and exhibits a variety of other severe environmental challenges as well.

2.2.4 StrATOSPHERIC OzONE DEPLETION

Although ozone near the Earth’s surface is the cause of photochemical smog, such as that found
in Los Angeles, ozone at an altitude of 30 to 40 km acts as a beneficial filter of harmful ultraviolet
(UV) radiation. Figure 2.5 displays the number density and mixing ratio of O; (0zone) molecules
as a function of altitude. At the base of the stratosphere between 30 and 40 km above the Earth’s
surface, the fraction of ozone reaches a maximum. Because of the low air densities at this altitude,
the concentration in molecules per unit volume is less than 10'2 per cm?, but this is still sufficient
to cause significant sorption of short wavelength UV radiation from the Sun. This is accomplished
by the chemical reaction
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FIGURE 2.5 Atmospheric ozone concentration profiles. The ozone concentration is shown in terms of both
number density and mixing ratio. (From Seinfeld, J.H. (1986) Ammospheric Physics and Chemistry of Air
Pollution, Wiley-Interscience, New York. With permission.)

O, + hv (radiation) > O, + O (2.8)

which describes the reaction of ozone (O;) with electromagnetic radiation or light (4 being Planck’s
constant and v representing the wavelength of that light) to molecular oxygen and aiomic oxygen.
Atomic oxygen is extremely reactive and can react with additional oxygen to once again form
ozone. The absorption of sunlight reduces the energy reaching the Earth, easing the pressure of
greenhouse gases on global warming and, more importantly, eliminates much of the most harmful,
higher energy radiation from the sun. Ozone absorbs especially effectively in the UV range of the
energy spectrum between 200- and 320-nm wavelengths, so-called UV-B radiation. UV-A radiation,
with a wavelength between 320 and 400 nm, passes through essentially without absorption. The
effectiveness of the ozone layer ai removing UV-B radiation is depicted in Figure 2.6.

Chlorine, bromine, nitrogen, and hydrogen, however, can interfere in this process by removing
ozone from the process represented by Reaction 2.8. For example, consider the following sequence
of reactions

Cl+0, - ClO+0,
OH+0, - HO, +0,
2.9)
CIO +HO, — HOCI +0,

HOCI+ hv — Cl+OH
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FIGURE 2.6 Extraterrestrial solar UV flux and expected flux at the Earth’s surface on a clear day with the
Sun 60° from the zenith. (From Frederick, J.E. (1986) Effects of Changes in Stratospheric Ozone and Global
Climate, U.S.EPA and UNEP, Washington, D.C.)

The net effect of this series of reactions is that two ozone molecules are transformed into three oxygen
molecules. Note also that chlorine and the hydrogen oxide or hydroxyl radical are not destroyed in
this reaction but serve as cazalysis that remain available to destroy more ozone. The chlorine monoxide,
ClO, formed by Reactions 2.9 ultimately react with nitrogen dioxide to form chlorine nitrate
(CIONO,), a relatively inert molecule that serves to protect the ozone from further damage.

Most compounds containing chlorine or bromine are nonvolatile or are destroyed in the lower
atmosphere before they can impact the stratospheric ozone. Chlorofluorocarbons (CFCs) and some
brominated organic compounds have sufficiently long lifetimes in the atmosphere that they can
reach the stratosphere before the chlorine or bromine is released. The stability, lack of toxicity, and
excellent physical properties of CFCs have led to their wide use in a number of products and
processes. The compounds have seen wide use as refrigerants, solvents, blowing agents in foamed
plastics, and until recently, as aerosol propellants. The worldwide use of the three most common
CFCs was approximately | million tons in 1985. The two most common chlorofluorocarbons are
CFC-11 (with chemical formula CFCI;) and CFC-12 (CF,Cl,). CFC-11 has been used as an aerosol
propellant, a blowing agent in foams, and as a refrigerant in large building air conditioning systems.
CFC-12 also has been used as an aerosol propellant and is the most common refrigerant in
refrigerators and automobiles.

Some CFCs have a lifetime approaching 100 years. As we will see in Chapter 6, compounds
released at the surface can mix throughout the lower stratosphere in less than 5 years. It is for this
reason that long-lived CFCs pose a significant danger (o stratospheric ozone and the absorption of
UV radiation. The link between CFCs and stratospheric ozone destruction is sufficiently strong
that use of CFCs as an aerosol propellant was banned in the U.S. in 1979 and a worldwide agreement
to reduce and ultimately eliminate the use of CFCs was reached with the Montreal Protocol on
Substances that Deplete the Ozone Layer adopted in 1987. The Montreal Protocol called for rapid
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