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I. Introduction 

Decisions regarding society’s most challenging environmental problems are made with 
attention to both scientific and economic arguments, with economic criteria playing an ever-
larger role.  Economic terms and concepts are now ubiquitous in environmental policy debates, 
with discussions over climate change mitigation often revolving around “discount rates”, while 
concerns over “equity” frequently play a prominent role when considering activities designed to 
promote sustainability.  Even when discussing more traditional regulatory themes (e.g., 
standards for drinking water or ambient air quality), cost-benefit analysis has become a common 
and, in some cases, federally-mandated part of regulatory decision-making.  Economic 
principles also play an increasing role in the development of new regulatory schemes, with 
market- or incentive-based approaches receiving more attention.  Similarly, financial theory is 
being increasingly employed in the development and deployment of innovative solutions to 
environmental challenges.  Examples include the application of portfolio concepts to 
environmental risk management (e.g., water supply), the use of real options theory for improving 
long-range infrastructure planning (e.g., mitigation strategies for climate change) and 
assessments of the value of information in developing regulatory monitoring networks.  
Financial concepts also have important implications for the implementation of various 
environmental policies in the developing world (e.g., microfinance) and in emerging economies 
(e.g., project financing).  All of this is taking place within a context of unprecedented interest in 
“green” technology, now one of the largest sectors of both private and public sector investment.  
As a sign of the growing importance of economic and financial principles in environmental 
decision-making, the National Academies’ recent report on “Grand Challenges for Engineering,” 
either implicitly or explicitly, mentions both as being critical when assessing the feasibility and 
implementation of engineered solutions in areas such as ‘Solar Energy’, ‘Clean Water’, and 
‘Urban Infrastructure’. 

The ability of the environmental engineering community to more fully engage in this 
expanding range of environmental activities will be greatly enhanced by the capacity to 
incorporate economic and financial principles into its research, as well as the ability to describe 
research outcomes in economic terms.  There is a growing societal need for individuals that can 
simultaneously consider the engineering, economic and financial implications of a given course 
of action, yet few research and educational programs are set up to meet this demand.  Many 
opportunities for interdisciplinary research exist, with communication between these fields 
greatly facilitated by each discipline’s dependence on a logical framework and mathematical 
underpinnings.  The fields also complement each other well in that engineering knowledge is 
often critical in determining the costs of mitigating environmental impacts, while economics 
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provides methods of valuing the benefits of environmental quality improvements.  Financial 
theory, meanwhile, can often be effectively applied to improve understanding of the most  

cost-effective implementation paths by which a particular environmental objective might be 
realized.  As such, a better understanding of economic and financial principles will provide 
environmental engineers with the tools to address an expanding range of research 
opportunities, as well as the means to more effectively describe the value of their contributions 
to policymakers, funding agencies and society at large.       

II. Goal and Objectives of the Workshop 

The workshop was intended to represent an important step in setting the stage for the 
expansion of the environmental engineering discipline into new areas.  It included a broad and 
diverse set of researchers and professionals engaged in interdisciplinary research involving 
environmental engineering, economics and finance.  Relevant examples of collaborations were 
described as a means of identifying how such research is currently being conducted, while 
further discussions were directed toward providing insights into fertile areas of inquiry. 

The workshop also addressed the benefits and challenges associated with introducing 
economic and financial concepts to environmental engineering students.  These students can 
benefit from an improved understanding of the structure that economics provides for designing 
institutions and analyzing tradeoffs, an objective that goes far beyond the more straightforward 
accounting techniques to which many students are exposed in traditional “engineering 
economics” courses.  An introduction to financial theory can also provide the students with the 
tools to explore more innovative approaches to implementing new environmental management 
strategies.  

The specific objectives of the workshop were to: 

• Explore and evaluate a range of research opportunities that could be more effectively 
addressed by the environmental engineering community with an improved understanding of 
economic and financial principles;  

• Identify the principles and tools that would be most useful in allowing the environmental 
engineering community to take advantage of these research opportunities; 

• Develop suggestions regarding how environmental engineering and science curricula might 
be adapted to introduce students to these principles and tools. 
 

III. Exploration of Interdisciplinary Research Opportunities 

The exploration of interdisciplinary research opportunities was organized around five 
general thematic areas that were identified by the organizing committee as being particularly 
relevant.  These included: 

• Innovation in Environmental Regulatory Institutions through Engineering and Scientific 
Research; 

• Informing the Design of Environmental Engineering Solutions using Benefit-Cost Analyses; 

• Using Economic and Financial Concepts to Improve Environmental Risk Management; 

• Assessing Actions and Investments that Promote Sustainability; 

• Environmental Engineering in the Developing World. 
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A session was dedicated to each theme and each began with presentations describing specific 
examples of projects in each area, followed by general discussion1. 
 

Session 1 
Innovation in Environmental Regulatory Institutions through Engineering/Scientific Research 

(Moderator: Dr. John B. Braden, Dept. of Agricultural Economics, University of Illinois, Urbana-Champaign) 
 

Environmental regulation requires careful institutional design, with technical knowledge 
often required to both clearly identify regulatory metrics and to monitor/enforce behavior.  
Innovation in institutional design will require collaboration between economists, engineers and 
scientists, and opportunities for improved environmental regulatory institutions are growing.  
Command-and-control regulatory methods, for example, have long been the dominant approach 
to limiting environmentally harmful behavior, but there are an increasing number of cases where 
more flexible, performance-based, regulatory strategies have been adopted (e.g., SO2 cap-and-
trade program, nutrient credit trading).  Overcoming challenges associated with identifying, 
monitoring and enforcing performance standards is a major hurdle in the drive to develop more 
flexible regulatory schemes (e.g., emissions credit trading, pollution taxes).  Engineering 
research can play an important role in expanding opportunities for this type of institutional 
innovation, leading to more cost-effective achievement of environmental quality goals. 

Dr. Richard Howitt (Dept. of Agricultural Economics, University of California, Davis) 
presented “Using Remotely Sensed Micro Data for Hydro-Economic Models,” describing the 
value of improved environmental monitoring techniques on the development of models that can 
assess the value of new methods for managing water scarcity and soil salinization.  His 
comments also highlighted the importance of maintaining a high level of confidence in both the 
engineering and economic components of an interdisciplinary model, with both technical crop-
water-soil relationships and irrigator behavioral functions playing important roles.  The results of 
this work have implications for policy choices related to institutional design (e.g., water markets) 
as well as for production choices at the level of the individual farmer.  Another important 
outcome of this interdisciplinary research is the ability to assess the value of remote sensing 
data (which in this case was significant), an important feature that supports the further 
development of improved sensor technologies. 

Designing regulatory institutions is another important area in which interdisciplinary 
research involving both engineering and economics can lead to improvement.  A working 
knowledge of institutional economics would allow engineers to identify potential challenges 
(e.g., incentives for collusion, moral hazard problems, asymmetric information) that could play a 
vital role in defining and investigating engineering research questions.  Dr. Ben Hobbs (Dept. of 
Geography and Environmental Engineering, Johns Hopkins University) addressed these issues 
in a presentation entitled, “Insight on Infrastructure Regulation and Incentives from Engineering-
Economic Game-Theoretic Models.”  This work involved the development of Principal-Agent 
models as a means of exploring the relationships between regulators, electric utilities and their 
customers.  In the case of power production, the objectives of regulators are often in conflict 
with those of both the utilities they regulate and the end-users, important considerations when 
seeking to formulate optimal regulatory strategies.  This is particularly important at a time where 
“sustainability” has become a prominent regulatory objective, one whose achievement is 
complicated by the need to develop and integrate a wider range of renewable energy sources, 
many of which are dependent on natural phenomena (e.g., wind, sunlight) that are inherently 

                                                        
1 Travel delays due to a winter storm resulted in some of the talks being rearranged relative to the original program, but 
for the purposes of this report, the presentations and relevant discussions will be described within the sessions in which 
they were originally intended to take place. 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more variable.  Results from this work yield insights into pricing structures that more readily lead 
to the achievement of dual objectives related to both efficiency and sustainability, and thus 
provide information useful in the design of more environmentally benign power systems. 

Other topics of potential research that came up in the general discussion, as well as in 
the pre-workshop committee dialogue, include: (a) the use of behavioral economics to enhance 
the explanatory and predictive power of regulatory analyses; (b) incorporating public 
reactions/preferences into environmental planning (e.g., climate change adaptation, wastewater 
reuse); (c) how feedback regarding water/energy consumption affects individual use decisions.   

Several excellent examples of the potential for impactful research in this area can also 
be found in the “Interdisciplinary Research Briefs (see Appendix) including contributions by: Dr. 
John Braden (University of Illinois, Urbana-Champaign) on “Market-based Approaches to 
Dispersed Pollution”; Dr. Charles Kolstad (Bren School of the Environment, University of 
California, Santa Barbara), “Multidisciplinary Research in Environmental Engineering: A Climate 
Mitigation Example”; Dr. Jim Shortle (Dept. of Agricultural Economics and Rural Sociology, 
Pennsylvania State University), “Development, Testing and Application of Ecological and 
Socioeconomic Indicators for Integrated Assessment of Aquatic Ecosystems”, and; Dr. Roger 
von Haefen (Dept. of Agricultural and Resource Economics, North Carolina State University), 
“Assessing the Net Benefits of Large-Scale Water Quality Policy Interventions.” 

 
Session 2 

Informing the Design of Environmental Engineering Systems using Benefit-Cost Analysis 
(Moderator: Dr. Mitchell J. Small, Dept. of Civil & Environmental Engineering, Carnegie-Mellon University) 

 
Understanding and managing complex human-environmental systems requires the 

integration of knowledge from environmental engineering, science and economics.  Together 
these enable a characterization of the costs of alternative management options; their anticipated 
health, ecological, economic, and social benefits; and the choices likely to be made by individual 
and social agents informed of these tradeoffs.  Human-environmental systems co-evolve, with 
the development and adoption of new technologies affecting environmental quality, and 
environmental outcomes motivating and constraining our need for new technical approaches.  
As such, opportunities for disciplinary advances in environmental science, engineering, 
economics, and the related social sciences are strongly linked. 

It is also important to note that the need for such knowledge is growing.  The USEPA 
estimates that the annual cost of complying with environmental regulations in the U.S. now 
exceeds $125 billion, or about 2% of Gross Domestic Product.  This aggregate value, as well as 
the costs of the individual environmental programs that comprise it, logically give rise to 
questions regarding the benefits that society derives from these investments.  While it is difficult 
to quantify all of the benefits and costs associated with environmental regulations, benefit-cost 
analysis (BCA) has become a common part of many regulatory debates.  One of the major 
shortcomings in any environmental BCA, however, is incomplete knowledge in critical areas 
involving science and engineering.  The environmental engineering community has the ability to 
contribute improved information in a number of relevant areas, but many within the community 
have only a basic understanding of the techniques and underlying logic behind BCA (i.e. many 
see it as a simple accounting exercise).  A greater awareness of BCA principles will put 
environmental engineers in a position to better identify constraints on the design of engineering 
solutions, identify impactful research questions, more clearly explain the value of environmental 
protection and better contribute to environmental policy debates. 

Dr. Corrie Clark (Argonne National Laboratory) made a presentation titled, 
“Opportunities for Finance, Economic, and Environmental Engineering Research in Energy 
Technology Innovation.”  Her work described the net costs of renewable energy (geothermal) 
and energy saving technologies (green roofs) which have been shown to be greatly affected if 
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consideration of the avoided water and air pollution externalities (otherwise occurring with most 
traditional alternatives) are included.  In the case of geothermal energy, there is also the 
potential for recovering valuable minerals from the geofluid stream which should be considered 
as a part of any BCA.  Efforts to improve and optimize these technologies must therefore 
consider the material flow, environmental impact, and associated economic valuation resulting 
from alternative designs.  The ability to compare energy sources on the basis of Life-Cycle 
Assessment, as well as through the use of economic metrics such as the “Levelized Cost of 
Energy,” are critical to the ability to make informed decisions regarding energy production. 

Dr. Anthony Boardman (Sauder School of Business, University of British Columbia) 
spoke on the issue of “Designing, Constructing and Operating a New Pipeline: An Example of 
Interdisciplinary Research.”  Dr. Boardman discussed the perspectives of a consortium of 
corporate, government and social organizations that worked toward the construction of a natural 
gas pipeline through an environmentally sensitive area.  The case was meant to illustrate how 
BCA can be used to evaluate solutions to problems that have engineering and environmental 
(sustainability) dimensions, by considering impacts on all members of society.  For example, 
private sector consortium members prefer the shorter route because the construction and 
operating costs would be lower, even if taxes and the expected environmental costs to the firms 
are higher.  Employees would enjoy job creation benefits associated with the longer route, and 
residents would bear the environmental impact, but receive partial compensation if 
unanticipated damage occurred.  Government would prefer the shorter route because it would 
bring in more tax revenues.  The impact of assumptions and their associated uncertainty were 
illustrated as they pertain to the upside and downside of a project with environmental impacts.  
For example, cost-benefit analysis is utilitarian, and does not consider ‘softer’ valuations such 
as those afforded by ‘happiness metrics’.  Future opportunities were identified to integrate 
prospect theory as a means of approaching psychologically realistic situational choices. The 
theory allows one to describe how people make choices in situations where they have to decide 
between alternatives that involve risk (e.g., in financial decisions, or environmental 
consequences).  Starting from empirical evidence, the theory describes how individuals 
evaluate potential losses and gains not from a purely utilitarian perspective, however, the theory 
was not applied to the pipeline case described earlier. 

In his presentation titled, “Economically-informed Design for Recycling,” Dr. Randolph 
Kirchain (Materials Systems Laboratory, Massachusetts Institute of Technology) spoke about 
challenges associated with capturing economic and environmental impacts in materials 
technology decisions.  Dr. Kirchain stressed that environmental issues now stretch well beyond 
the domain of environmental engineers.  In doing so, he raised the need to integrate economics 
across all of engineering.  This is particularly relevant in the discussion of sustainability as the 
concept is inherently interdisciplinary and requires knowledge in many fields.  In the area of 
materials, sustainable decisions require analysis of technology and economics in a materials 
cycle that stretches from production to manufacturing to use to recovery/recycle and back to 
production.  In many cases, the environmental impacts of materials flows are well outside the 
traditional analysis of individual facilities where materials are assembled, complicating the ability 
to adapt after initiating the manufacturing of materials into useful products.  Dr. Kirchain 
emphasized the need for early stage assessment of sustainability principles in product 
development, recognizing that “early stage = little information”.  This point illustrates a need for 
model development that provides decision makers with opportunities to make informed 
decisions that integrate information from technology, economics, and other disciplines to 
promote sustainable operations.  A specific example was provided in the models needed to 
encourage recycling, which is critical to meeting material needs now and in the future. 

These three presentations illustrated the explicit linkage between environmental science, 
engineering, and economics that are inherent in evaluating critical environmental management 
issues involving renewable energy, ecological restoration, and water resources systems.  Other 
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interesting examples can be found in the Interdisciplinary Research Briefs (see Appendix), 
including contributions from: Dr. Nick Clesceri (CBET Division, National Science Foundation), 
“The Water/Energy Nexus and Life-Cycle Assessment”; Dr. Jay Lund (Dept. of Civil and 
Environmental Engineering, University of California, Davis), “The Social Engineering of 
Environmental Engineering”; Dr. Debra Reinhart and Hamid Amini, Professor and Doctoral 
Student, respectively (Dept. of Civil, Environmental and Construction Engineering, University of 
Central Florida), “Economic Benefits from Landfill Gas to Energy Production”; Dr. Kurt Schwabe 
(Dept. of Environmental Sciences, University of California, Riverside), “Benefit-Cost Analyses of 
Nutrient Management within the Neuse River Basin”, and; Dr. Mitchell J. Small (Dept. of Civil 
and Environmental Engineering, Carnegie-Mellon University), “New Approaches to 
Environmental Decision Analysis and Support”. 

Session 3 
Using Economic and Financial Concepts to Improve Environmental Risk Management 

(Moderator: Dr. John Wolfe, LimnoTech). 
 

Many research themes within environmental engineering are pursued with the objective 
of reducing environmental risk.  These risks are associated with physical phenomena, such as 
flooding and drought, as well as contaminant release/exposure, all of which can impact human 
health and ecosystem conditions.  While reducing acute human health risks will always be a 
priority, subject to many safeguards and redundancies, there are many opportunities to develop 
more sophisticated and efficient strategies for managing other (non-toxic) environmental risks.  
Economic and financial theory can play an important role in structuring and informing risk 
management decisions in these areas.  For example, economic concepts related to marginal 
cost and marginal benefit can be combined with technical knowledge related to various 
engineering alternatives as a means of characterizing risk and making choices regarding risk 
tolerance.  These concepts can also be combined with uncertainty analysis to provide clearer 
descriptions of the costs and benefits associated with different risk mitigation strategies, as well 
as to evaluate tradeoffs. 

Dr. Upmanu Lall2 (Dept. of Earth and Environmental Engineering, Columbia University) 
spoke on “Opportunities for Climate Risk Management: Can an Integrated View of Infrastructure 
and Financial Options Provide More Robust, Adaptive Strategies in a Changing World?”.  His 
thesis was that the uncertainty in future climate change will affect water supply, water demand, 
and flood risk, and that these can all be reasonably characterized and combined with novel risk 
management approaches derived from the fields of finance and insurance to support decision-
making.  Careful review of ongoing climate change and comparisons to prior forecasts can 
inform future adaptation to support long-lived infrastructure design and financial risk 
management instruments.  The greatest challenge in his view is adaptation to the evolution in 
climate-related risks.  Methods proposed to respond to these growing risks include infrastructure 
design that lends itself to modular facility expansion, greater community resilience to design 
failure and innovative climate-based insurance tools.  Developing new methods of adapting to 
changing risks is seen as the primary challenge for researchers in this area, particularly as 
climate change imposes variability in areas such as shifting disease vector belts and 
ecosystem/habitat modification.  In many cases, an understanding of the economic and social 
drivers that will be simultaneously occurring in affected areas will be critical to determining 
appropriate courses of action. 

                                                        
2 Professor Lall served as one of the Workshop’s Keynote speakers, but his talk served as prelude to session 3 and 
covered material directly relevant to it 
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Professor David Ford (Dept. of Civil Engineering, Texas A&M University) delivered a 
presentation entitled “Using Managerial Real Options to Integrate Economic and Financial 
Concepts with Environmental Risk Management”.  Real options theory has its origins in financial 
options markets, where retaining the option to purchase an asset in the future has a value that 
can be quantified.  This value derives from the knowledge that uncertainty will resolve over time, 
so that there can be value in delaying a decision until more information is received.  The talk 
focused on insights gleaned from real options analysis into areas of environmental application, 
illustrating its potential through examples that included the management of hypoxic regions in 
the Gulf of Mexico and the development of a large-scale experimental facility for the Department 
of Energy.  Areas of ongoing academic research were noted, including identification of barriers 
to real options adoption; comparison of theory with current managerial practice, and; 
development of practical tools for managers.  Broader comments focused on how widely and 
accurately real options could be used in environmental decision-making applications; and what 
new application areas provide the most promise in terms of wider use. 

Dr. Lee Addams (McKinsey Consulting) spoke on “Advancing Public-Private Decision-
Making on Resource Sustainability”, insights gained from a recent study produced by McKinsey, 
entitled “Charting Our Water Future (2009).” This work confronts the expected gap between 
world water demand and supply, with particular focus on the developing world, as seen through 
case studies.  At the heart of the McKinsey analysis is a cataloguing of engineered 
infrastructure improvements and behavioral changes, quantified and ranked in terms of the 
marginal costs ($/m3) of making additional water available.  This ranking reveals a wide range of 
costs, with improvements in agricultural productivity seen as fundamental, followed by increased 
attention to improving industrial and municipal efficiency, with a recognition that water quality 
will also play an important role.  Recognizing the socioeconomic complexity of water, particularly 
given the variable institutions governing its use and, at least in the developing world, the lack of 
transparency, led to a discussion of the specific implementation challenges to improved 
management.  The point was also made that to successfully operate in this field requires an 
understanding of both engineering and economic principles, as management strategies which 
depend solely on one or the other are generally destined to fail. 

Post-presentation discussion focused on the need to improve training for engineers in 
the fields of economics/finance and statistics, all of which are critical skills in the area of risk 
assessment and management.  Some specific discussion revolved around the potential power 
of marginal cost rankings (as used in the McKinsey Report), and on participant interest in the 
methods that were used to estimate those costs.  General examples of potential applications for 
advanced risk management techniques also included flood risk mitigation, and establishing 
ambient criteria and emission limits for non-toxic contaminants in both water (e.g., nutrients, 
sediment) and air (e.g., CO2, methane).  The interdisciplinary research briefs (see Appendix) 
contained several descriptions of areas related to environmental risk, including contributions by: 
Dr. Gregory W Characklis (Dept. of Environmental Sciences and Engineering, University of 
North Carolina at Chapel Hill) & Dr. Patrick M. Reed (Dept. of Civil and Environmental 
Engineering, Pennsylvania State University), “Applying Financial Portfolio Theory to Water 
Supply Management Planning”, and; Dr. Marc Jeuland (Sanford School of Public Policy, Duke 
University), “Water Resources Planning under Climate Change: A “Real Options” Approach”. 

 
Session 4 

Assessing Actions and Investments that Promote Sustainability 
(Moderator: Dr. Joseph B. Hughes, Dept. of Civil Engineering, Georgia Institute of Technology) 

 
Although the concept of sustainability is difficult to firmly define, all agree that it involves 

environmental, economic and social elements.  When evaluating the sustainability of a practice 
or technology, whether for purposes of public policy or investment, many questions still remain 
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as to the types of information that should be collected, and how this information should be used 
to guide decision-making.  While technical information is critical to the formulation of sustainable 
strategies, economic and financial principles are often useful in identifying constraints and 
innovative paths for implementation, with the latter being particularly important given the long 
planning horizons that are often involved.   

Dr. Lynne Lewis (Dept. of Economics, Bates College) presented a talk entitled, “Ex-post 
Analysis: Have We Learned from Our Mistakes”.  Her research clearly demonstrates the 
important linkages between science, engineering, and economics in the area of aquatic 
ecosystem restoration, particularly as regards dam removal and subsequent recovery of fish 
populations (among other metrics).  While environmental engineering principles often dictate the 
manner of dam removal, as well as its costs, these ex-post studies evaluated impacts of 
ecosystem restoration on nearby property values and recreational benefits, assessing both the 
market and non-market values associated with such actions.  Surveys were also conducted to 
gauge the effects of information on citizen knowledge and support for restoration projects.  The 
physical and social science expertise needed to conduct these studies provides substantial 
incentives for using an interdisciplinary approach with multidisciplinary teams 

Dr. Catherine Norman (Dept. of Geography and Environmental Engineering, Johns 
Hopkins University) delivered a presentation on “Environmental Economics, Engineering, and 
Sustainability.”  She began by discussing current challenges in the integration of the disciplines 
making the comment that “Economists and Engineers are good at different things,” and 
following this with a description of specific, but not necessarily overlapping, areas.  For example, 
the application of environmental engineering is often driven by regulatory needs, with activities 
concentrated on physical infrastructure.  It is not common for decision-making in this context to 
consider design elements related to externalities, benefit optimization (at least not in an 
economic sense), and future projections in a manner more common to economists.  While these 
differences provide opportunities for a natural complementarity, Dr. Norman pointed out that 
there are barriers to the integration of fields, despite the fact that it is recognized that solutions 
within the sustainability domain are not possible at the level of a single discipline.  One primary 
concern is the different “languages” spoken by engineers and economists, and although each is 
derived based on the needs associated with different applications, better communication across 
the fields is critical to the success of interdisciplinary efforts.  The demand for individuals that 
can successfully operate across both the engineering and economics fields will continue to rise 
as it becomes increasingly apparent that individual disciplines generally do not provide a 
framework for moving society toward greater sustainability.  In addition to engineering and 
economics, Dr. Norman stressed the need to integrate social processes into the decision-
making processes of sustainability. 

The session concluded with a presentation from Dr. Jim Heaney (Dept. of Civil and 
Environmental Engineering, University of Florida) entitled, “The Economic Efficiency/Equity 
Dilemma in Water Resources and Environmental Systems.”  This topic has direct relevance for 
assessing system sustainability as it requires consideration of environmental, economic and 
social criteria.  In the case of water supply and treatment, advanced optimization methods can 
be applied to develop efficient and reliable designs, but the objective function is often a point of 
contention.  While costs and benefits are important, so are the equity implications of the manner 
in which they are distributed.  When economic instruments, such as water rights or emissions 
trading credits are used, determination of the initial allocation also provides a difficult, value-
laden challenge.  Similarly, cost allocation for multipurpose infrastructure projects is of great 
importance.  Engineers and economists addressing the design and operation of water resources 
systems must continue to drive innovation in their methods and perspectives to ensure that 
these systems meet sustainability criteria in all three principal areas. 

Additional topics of general discussion included a description of some key challenges to 
assessing the sustainability of an environmental action or investment, including: (i) selecting 
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metrics, both technical and economic, to evaluate the sustainability of various technologies and 
policies (e.g., metrics typical in a life-cycle assessment); (ii) identifying methods for assessing 
actions or investments in which the costs and benefits accrue over very different time horizons 
(e.g., climate change); (iii) incorporation of ecosystem services into design, and (iv) linking 
better understanding of financial concepts to the development of new implementation strategies 
for sustainable development.  Several interdisciplinary research briefs (see Appendix) have 
relevance to this area as well, including those contributed by: Dr. Prabhakar Clement (Dept. of 
Civil Engineering, Auburn University), “Worthiness of Complex Models for Developing Policy 
Solutions to Historic Contamination Problems”; Dr. Jay Lund (Dept. of Civil and Environmental 
Engineering, University of California, Davis), “The Social Engineering of Environmental 
Engineering”. 

The second day of the workshop also included a presentation from keynote speaker, Dr. 
W. Michael Hanemann (University of California, Berkeley and Arizona State University), entitled 
“What’s Wrong with Economics – As Conventionally Applied to Water?”.  Dr. Hanemann’s talk 
focused on identifying the ways in which water both can, and cannot, be characterized as an 
economic good.  He made the point that it is difficult to conceptually separate water from other 
goods that are necessary for life (e.g., food, shelter, clothing) and yet are allocated via the 
market, nonetheless, it is the nature of the way in which water resources have been developed 
(i.e. mostly via public sector investment) that give rise to many institutional challenges.  Dr. 
Hanemann went on to point out that many water-related economic analyses revolve around a 
normative approach in which net benefits are maximized without concern for the distribution of 
those benefits (i.e. Kaldor-Hicks approach), and that this is not a reasonable path to identifying 
workable solutions for water management.  His discussion also ranged into areas related to risk 
aversion and transaction costs, as well as the role that bargaining can play in developing new 
solutions.  Dr. Hanemann’s comments reinforced the broad challenges associated with 
reforming long-standing institutions in the face of entrenched interests, as well as the difficulties 
in dealing with a commodity that is so capital intensive and closely linked to development. 
 

Session 5 
Environmental Engineering in the Developing World 

(Moderator: Dr. Christine Moe, Center for Global Safe Water, Emory University) 
 

There is currently a growing awareness of the tremendous demand for environmental 
engineering skills in the developing world.  Scientific and technical knowledge are important 
factors in improving the sustainability of societal practices; however, it is also critical that this 
knowledge be applied with an understanding of the economic and institutional realities in these 
countries.  One issue that often receives considerable attention is the development of analytical 
tools to improve infrastructure design and longevity in the developing world.  As one example, 
increased emphasis on the lifetime costs of a system (e.g., drinking water) would enhance the 
sustainability of solutions, as projects are often undertaken without full consideration of ongoing 
operational and maintenance costs, thereby leading to system failure.  A related issue is a lack 
of understanding of local inhabitants’ willingness and/or ability to pay for new systems, as well 
as an appreciation for the methods used to estimate these values (e.g., contingent valuation).  
Infrastructure investments command a major share of spending in the developing world, and 
involve bi- and multilateral donor agencies, as well as NGOs, in both the planning and financing.  
These investments take place across a variety of scales, geographic locations, and institutional 
settings, making it vitally important that environmental, economic, and social impacts receive 
careful consideration.  

In her talk entitled, “Improving Engineering Design with Behavioral Economics,” Dr. 
Jenna Davis (Dept. of Civil and Environmental Engineering, Stanford University) shared several 
examples of applied research in the water and sanitation field that incorporate both engineering 
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and economics thinking.  She noted that roughly half the world’s population uses “non-
networked” water and sanitation services, such as shared point sources and on-site sanitation 
facilities.  Whereas the engineering design of such systems is often thought to be simple 
(relative to networked water and sewer systems), they pose many unique engineering 
challenges.  Moreover, non-networked solutions typically require behavioral investments on the 
part of users in order to derive the full public health benefits of the infrastructure.  As such, 
better integration of behavioral economics with engineering could help elucidate and overcome 
the reasons that many technically sound systems are not used on a correct, consistent basis.  
Dr. Davis also made the point that the international development landscape has changed in 
recent years, with models that place more emphasis on market-based mechanisms.  New 
donors such as the Acumen Fund and the Gates Foundation’s water and sanitation division are 
prioritizing engineering innovations that have the potential to be implemented on a commercial 
basis.  These trends suggest that engineering students who are familiar with business and 
finance principles will be better positioned to have their work supported by donors and to effect 
large-scale impact.  Across the entire donor community, increased attention is being paid to 
rigorous impact evaluation of infrastructure investments, which requires skills in 
research/experimental design and statistical analysis to which most engineering students are 
not exposed. 

In his presentation, “Developing World Research Experiences that Consider Economics 
in the Provision of Water and Sanitation,” Dr. James R. Mihelcic (Dept. of Civil and 
Environmental Engineering, University of South Florida) described his department’s long-term 
involvement with projects involving the Peace Corps.  This relationship provides environmental 
engineering students the opportunity to deploy their engineering training in a developing country 
context, and he described specific work that expands and adapts life cycle analysis to water and 
sanitation investments.  In particular, his team’s evaluative framework includes measures of 
social, economic and environmental sustainability.  Dr. Mihelcic also emphasized behavioral 
elements of water and sanitation in developing countries, especially the use of marketing to 
expand uptake of new technologies.  His team is researching successful examples of 
entrepreneurial models in the rural water sub-sector, identifying “product, price, placement, and 
promotion” strategies that have led to sustainable outcomes.  He also raised the issue of 
resource recovery from human excreta, a topic that is receiving increased interest worldwide, 
but has particular relevance for developing countries because of the comparatively limited 
sanitation infrastructure.  As one example, his research group has mapped the potential for 
phosphorous recovery across all world regions.  Clearly the exploitation of this resource will 
require careful economic and financial analysis (to identify those areas where P recovery from 
excreta generates net benefits), paired with appropriate engineering innovations.  In a third 
example, Dr. Mihelcic presented an embodied energy analysis that sought to quantify the 
energy costs (in both materials manufacture and ongoing deployment) of four household-level 
interventions (e.g., point-of-use treatment) and four source-level interventions (e.g., well 
construction).  Not only were there no clear patterns in total energy costs of the different 
interventions, but the ratio of materials to human energy inputs also varied widely across the 
eight interventions. The one constant across all options was the very high share of total human 
energy that was expended by women—greater than 99% in 7 of the 8 interventions. 

Dr. John Morton (Environmental Specialist, World Bank) presented a donor perspective 
on the intersections of environmental engineering and economics in his talk, “Application of 
Financial and Economic Analysis to Environmental Engineering Investments and Policy in 
Developing Countries.”  He provided an overview of lending from the Bank, which amounts to 
more than US$19 billion annually toward activities that bear some relation to environmental 
engineering.  Dr. Morton noted that project appraisal at the Bank (and most donor agencies) 
requires detailed analysis of the anticipated social, environmental, and economic impacts of 
each investment; it also requires a review of the technical (engineering) proposals developed by 
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the in-country partners.  He noted that greater appreciation of economics and finance principles 
among engineering teams working on the development of technical options would enhance the 
efficiency and effectiveness of the appraisal process.  Dr. Morton gave an example of a project 
in Bolivia in which the interplay between financial and technical analyses spurred the in-country 
engineers to consider new wastewater management technologies.  He also pointed out that 
translating the impacts of investments—or lack of investment—to overall economic development 
and growth can be an effective way of influencing policy dialogues and decision-making within 
ministries of finance in the developing world.  These studies require multidisciplinary teams 
and/or individuals who can clearly articulate the costs and benefits of different courses of action.  
Dr. Morton provided several examples from developing countries (China, India, the Philippines) 
in which such studies helped to “give the environment a seat at the table” in national 
development debates.  Dr. Morton also explained why cost-effectiveness analysis (CEA, 
identifying the option that meets a specified objective for the lowest total cost) is often pursued 
by the Bank in lieu of the conceptually more desirable benefit-cost analysis (BCA, identifying the 
option that generates the greatest net economic benefits to society).  The reasons for the high 
reliance on CEA include the considerable data needs for high quality BCA, which often exceed 
the time and money resources available to analysts.  In addition, many of the benefits generated 
in environmentally related projects are not traded in markets, requiring the use of valuation 
techniques that are sophisticated and sometimes controversial, a debate in which relatively few 
engineers are currently able to engage. 

The general discussion following these presentations provided confirmation of the notion 
that many environmental engineering departments have recently increased their developing 
country activities, often in response to the strong and growing demand from students.  At the 
same time, environmental engineering curricula in most US universities are not as well suited 
for students seeking careers in the developing world as compared, for example, to engineering 
departments in European universities.  Both the unique curricular priorities and the comparative 
lack of sustained relationships with universities in low-income countries are among the reasons 
for the limited engagement of US environmental engineering departments with developing 
country engineering issues.  Discussion also pointed to the need for engineers to become 
familiar with the financing options available in the developing world, and the impact these can 
have on the development and implementation of various engineering solutions.  There are a 
number of financial institutions that are considering, or have already introduced, innovative 
microfinance alternatives for use within the developing world.  The interdisciplinary research 
briefs (see Appendix) also contain an interesting and related contribution by session moderator 
Dr. Christine Moe (Center for Global Safe Water, Emory University) entitled, “Rethinking 
Sanitation for Developing Countries: Environmental and Economic Considerations.” 
 

Session 6 
Integrating Economic and Financial Concepts into Environmental Engineering Education 

(Moderator: Dr. Bruce Hamilton, CBET Division, National Science Foundation) 
 

The ability of environmental engineering students to identify innovative solutions, 
whether in the public or private sectors, would be greatly enhanced by a heightened awareness 
of economic and financial concepts.  While many undergraduate engineering programs still 
maintain an “engineering economics” requirement, these courses are often narrowly focused on 
topics related to project management (e.g., accounting, net present value), with little attention to 
the fundamental economic and financial principles that engineers require if they are to 
successfully engage with economists on interdisciplinary projects.  The incentives for improving 
engineers’ knowledge in these areas are considerable, from both an educational and research 
standpoint.  Practicing engineers are increasingly being asked to incorporate economic and 
financial considerations into their work, similarly, researchers possessing knowledge of 
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economic concepts have the ability to engage in a much broader range of potentially impactful 
research topics.  Additional benefits include more successful recruitment of students to 
environmental engineering, as many are quite interested in interdisciplinary research.  
Engineering students are also an especially attractive target group for such activities, as the 
logical framework and mathematical underpinnings of economics and finance fit well with their 
background, allowing them to assimilate the concepts quickly.  Nonetheless, questions remain 
as to which economic principles/tools should be prioritized in an engineering curriculum, as well 
as the appropriate timing (undergraduate vs. graduate) for additional training in these areas. 

As an introduction to this topic, Dr. Debra Reinhart (Dept. of Civil, Environmental and 
Construction Engineering, University of Central Florida) provided a general summary of current 
environmental engineering curricula, using as a starting point the “Environmental Engineering 
Body of Knowledge (BOK),” a 2009 study published by the American Academy of 
Environmental Engineers (AAEE).  Within this study, "economics" is described as one of 
16 "knowledge domains", and is an element in 12 of the 18 "outcomes" targeted by the BOK, 
(making it the single knowledge domain that is most widely distributed across the targeted 
outcomes).  While it was pointed out that many engineering programs maintain some type of 
“engineering economics” course requirement, the content of these courses typically revolves 
more around project management and accounting principles, with little attention to fundamental 
economic theory.  As a result, engineers are often unprepared to engage in truly 
interdisciplinary work with economists, despite the broad recognition that such efforts may be 
quite valuable. 

Professor David Sunding (Dept. of Agricultural and Resource Economics, University of 
California, Berkeley) made a presentation in which he described his experience in teaching 
economics to engineers in a graduate level course in environmental and natural resource 
economics.  He reported that, in general, his engineering students seem to feel that they benefit 
from his course, but he also made the point that the graduate level microeconomics course 
typically taught to incoming doctoral students is often too esoteric and theoretical to be of much 
use to engineers (suggesting that training in microeconomics might best be achieved through 
taking an undergraduate course).  Nonetheless, his impression was that many of the engineers 
in his environmental and natural resource economics course absorbed the material readily and 
were, perhaps largely as a function of their comfort with the mathematics, able to pick up on 
both the theory and concepts relatively rapidly. 

In his presentation, Dr. Peter Adriaens (Dept. of Civil and Environmental Engineering 
and Ross School of Business, University of Michigan) stressed the need to expand the 
education of environmental engineers in the future, with an emphasis on innovation, 
entrepreneurship, and value creation.  As an example, he touched on the emerging area of 
“CleanTech”, and underscored the need for an international perspective in the face of pressing 
global competition.  He highlighted the following quotation from President Obama's very recent 
State of the Union Address: "We need to out innovate, out educate, and out build the rest of the 
world."  The implications of this quote for innovation in the environmental engineering discipline 
are the need for students to understand the external drivers that constrain the design of 
solutions for sustainability.  For example, he indicated that currently environmental engineers 
are cognizant of more centralized regulatory compliance concepts, but not of the increasingly 
important market-driven policy strategies.  Further, he indicated that over the last decade 
sustainability is increasingly becoming central to corporate strategy, requiring students to 
become proficient in understanding and communicating concepts of value creation.  This 
changes how engineers define and constrain the specifications of their approaches to 
environmental problem solving.  Lastly, the adoption of new processes and technologies for 
sustainability requires an understanding of how the financing source (e.g., venture, public, 
corporate, micro-, carbon, and impact investing) influences the stakeholders, and cost-benefit 
expectations of new creative endeavors.  Dr. Adriaens illustrated these concepts by way of new 
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programs at the University of Michigan that place sustainability as one of the fundamental 
principles of engineering education (the others being design and entrepreneurship), and a 
course he teaches on Environmental Sustainability 2.0: How Economics, Finance and Markets 
Drive the Design and Implementation of Sustainability Strategies.  

Dr. Charles Kolstad (Bren School of the Environment, University of California, Santa 
Barbara) discussed his experience in developing an interdisciplinary environmental graduate 
education and research program through the National Science Foundation’s Integrative 
Graduate Education and Research Traineeship (IGERT) Program.  A distinction was made here 
between “interdisciplinary” and “multidisciplinary,” with the latter denoting a study that involved 
substantial depth in more than one area.  The Bren School program could be best described as 
a “Ph.D.-Plus” in which a doctoral student is expected to make original contributions to his/her 
own discipline, but is also expected to develop expertise in another area.  In this case, the 
IGERT allowed for the integration of doctoral students from Economics into Environmental 
Science research programs, including spending 2-4 quarters in appropriate science courses, as 
well as a summer with a natural science mentor.  The program seems to have been very 
successful, and even though some of the more costly elements (e.g., internships) have been 
dropped as IGERT funding ended, a number of positive outcomes of the program are apparent, 
including: enhanced academic reputation, improved graduate recruitment, high motivation 
amongst participating students, successful placement of graduates (particularly in academic 
positions).  The program has been successful overall, and brought increased visibility to the 
Bren School, but challenges associated with fully integrating the social and natural sciences 
remain, and the constant battle is to prevent an erosion of disciplinary standards. 

In addition to the formal presentations, Professor Frank Ward (Dept. of Agricultural 
Economics and Agricultural Business, New Mexico State University) contributed an 
interdisciplinary research brief related to education, which lays out a vision for “Integrating 
Principles from Engineering/Science and Economics/Finance” (see Appendix).  Discussions 
related to this session, including identification of the economics/finance principles and tools that 
would be most useful to engineers, as well as how instruction in these areas might be 
incorporated into engineering curricula, are described in the next two sections. 

 
 

IV. Useful Economics/Finance Principles and Tools for Environmental Engineers 
 
The general discussion addressed several levels of economic and financial 

principles/tools that would be of benefit to engineers, whether in a professional or research 
context.  While there was broad agreement that the types of project management skills taught 
as a part of “Engineering Economics” courses (e.g., general accounting rules, discounted cash 
flow, net present value) are important for engineers, they represent a very narrow slice of the 
fields of economics and finance.  As such, these courses do not prepare engineers to interact 
effectively with individuals in these disciplines, and may, in some cases, even provide engineers 
with a mistaken impression of what the field of economics involves.  Consequently, an important 
step in preparing engineers to function in a more interdisciplinary manner is ensuring an 
introduction to economic theory (e.g., marginal benefits/costs, economic efficiency, opportunity 
cost, externalities), presumably through a course in microeconomics, which would also likely 
include some exposure to basic economic tools (e.g., benefit-cost analysis, non-market 
valuation).  If this course could be combined with another more focused on Environmental 
and/or Resource Economics topics (e.g., renewable vs. non-renewable, environmental 
externalities, discount rates), the engineer would then be in a position to communicate 
effectively with economists on relevant environmental issues, as well as to identify potential 
interdisciplinary topics of interest, even if s/he did not yet have the skills to fully explore the 
topic.  It was also noted that economic research relies heavily on statistical theory, and that 
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engineers’ undergraduate (and sometimes graduate) exposure to these concepts is often 
insufficient for them to engage in more detailed studies, particularly when it comes to dealing 
with data that arises from something other than laboratory based experiments.  Some additional 
discussion involved preparing students for more entrepreneurial activities, those related to areas 
such as “Green” Engineering, CleanTech and Life-Cycle Assessment.  Currently, some students 
are given exposure to these issues as undergraduates, perhaps in “capstone” courses, but 
many programs are just beginning to understand the appeal of such classes.  These courses 
are beginning to become more prevalent in the business programs at an increasing number of 
universities, however, although they are often geared more toward graduate students. 

Once an engineer has become “literate” with respect to general economic and financial 
principles, the way is paved for movement into more specialized areas, whether these be in the 
realm of research or entrepreneurship.  Workshop participants felt that engineers could benefit 
from exposure to a number of more advanced concepts, with the degree of exposure varying 
with the direction (research vs. professional) and depth (masters vs. doctoral) of the engineer’s 
interests.  Concepts discussed included: 

 
- Design of economic institutions 

- Behavioral economics 

- Theory of general equilibrium 

- Risk management 

- Systems analysis 

- Game theory 

- Entrepreneurship 

- Behavior of the firm 

 
While these concepts were relatively general in nature, and a number of more specialized skills 
were also cited as being important if engineers are to engage in more in-depth interdisciplinary 
endeavors.  Specific examples of these skills and/or tools include: 

 
- Benefit-Cost Analysis 

- Econometrics 

- Multivariate regression 

- Non-market valuation methods 

- Environmental and public finance techniques 

- Simulation/Optimization methods 

- Risk analysis techniques 

- Decision analysis under uncertainty 

 
 

V. Adapting Environmental Engineering Curricula 
 
The combination of material included in a three-course regimen of (a) engineering 

economics; (b) microeconomics and (c) environmental/natural resource economics, would 
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provide engineers with a knowledge base that would allow them to engage in meaningful 
research discussions with those in the fields of economics and finance.  It would also provide 
them with the conceptual and theoretical foundation to begin to identify and explore interesting 
interdisciplinary opportunities.  Once at this point, students could begin to move into more 
specialized areas as dictated by their research and interests.  However, given the constraints on 
engineering curricula, particularly at the undergraduate level, questions remain regarding how 
this material might best be worked into a student’s course of study. 

The demands of undergraduate engineering programs suggest that making room for 
additional courses may be challenging; nonetheless, many curricula already require some form 
of engineering economics course, and perhaps a modification of this course’s content could 
deliver significant returns.  The typical engineering economics course is generally seen to be 
lacking in areas related to economic theory and concepts, and the inclusion of additional 
material may be quite plausible.  Such courses were described by several workshop participants 
as not being overly dense ("10 weeks of information presented in 15 weeks"), leaving open the 
possibility that significant additions might be possible. 

It was also noted that many undergraduate environmental engineering students might, if 
appropriately advised, have the opportunity to take a course in microeconomics, as well as 
perhaps another in environmental/natural resource economics, while fulfilling their 
undergraduate electives.  Concerns over the number of courses that could reasonably fit into an 
undergraduate engineering program, however, gave rise to the suggestion that perhaps a new 
course could be designed with the intent of combining both an introduction to microeconomics 
and a basic treatment of many concepts specific to environmental problems.  This type of 
course could be paired with an upgraded engineering economics course (one that included 
some coverage of microeconomics) and allow engineering students to acquire a solid grounding 
in economics with two courses instead of three.  There was also discussion of increasing 
engineers’ exposure to some important entrepreneurial concepts related to identifying and 
developing “value-generating” ideas for application in the wider world.  Opportunities may be 
available to undergraduate engineers as a part of “Capstone” courses, as well as through 
electives offered in business programs, but again the challenge is finding the time to squeeze 
these courses into curricula that are already quite demanding. 

While expanding the horizons of undergraduate engineers is an attractive concept, it is 
likely that developing a solid foundation in economics and/or finance will often require at least 
some coursework at the graduate level.  In this case, any undergraduate exposure would be 
augmented with a class or two (e.g., environmental/resource economics) taken during the early 
stages of a masters degree.  Graduate students doing research in areas involving economics 
and/or finance, whether at the advanced masters or doctoral levels, could then take advantage 
of the availability of a broader range of advanced economics and/or finance courses targeted 
more specifically toward environmental applications.  Greater attention to developing 
interdisciplinary “tracks” for these students could prove particularly valuable in increasing the 
attractiveness of the environmental engineering discipline itself to potential students, given that 
workshop participants noted that many of the best applicants display interdisciplinary interests. 

As noted earlier, engineering students’ comfort with mathematics frequently leads to 
their being capable of quickly “operationalizing” economic and financial concepts, allowing them 
to rapidly integrate these concepts into modeling/computational projects.  Nonetheless, a major 
weakness of engineering students was judged to be lack in training in econometrics and the 
statistical analysis of large complex data sets, especially those associated with the types of field 
studies and surveys common in the social sciences.  Therefore, in order to fully integrate some 
types of economics research, engineers will often be required to undertake much more thorough 
statistical training than is typically the case at the undergraduate level.  Of course, as 
engineering graduate students move more deeply into their interdisciplinary research, at either 
the masters or doctoral levels, they will need to seek out economic, financial and statistical 
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coursework in more specialized areas.  While these courses will vary by research topic, the 
foundational knowledge gained from the three course regimen described (i.e. engineering 
economics, microeconomics and environmental/resource economics), perhaps supplemented 
with additional statistics, should provide a strong base from which engineering students can 
build additional expertise. 

During the discussion, mention was made of two texts particularly relevant to the tasks 
of teaching economic and financial principles to engineers, both of which are co-authored by 
workshop participants, including: 

 
Environmental and Natural Resource Economics (8th edition) 
Tom Tietenberg and Lynne Lewis 
Addison Wesley (2008) 
 
Cost-Benefit Analysis: Concepts and Practice (4th edition) 
Anthony Boardman, David Greenberg, Aidan Vinig, and David Weimer 
Prentice Hall (2010) 
 

Another related text that might be similarly applicable is: 
Environmental Economics (2nd edition) 
Charles D. Kolstad 
Oxford University Press (2010) 
 
 

VI. Workshop Follow Up 
 
The workshop brought together a broad range of interdisciplinary thinkers, and the 

discussion yielded a number of insights into how environmental engineers might seek to better 
integrate economic and financial principles into their research and education programs.  This 
report was developed to capture and summarize the discussion of the opportunities and 
challenges associated with this endeavor.  The report will be posted and promoted on the 
website of the Association of Environmental Engineering and Science Professors (AEESP), and 
an abbreviated version of the material will be developed into an editorial for submission to an 
appropriately visible outlet.  The ideas from this workshop will also be promoted through 
presentations and discussions at a range of technical meetings, including such venues as the 
European Geosciences Union Meeting and the upcoming AEESP Workshop on “Needs and 
Frontiers of Education in Environmental Engineering, among others. 

It was also suggested that it may be timely to consider formulating proposals to NSF on 
related topics.  One example given was a possible IGERT proposal related to clean energy, 
involving a partnership of environmental economists and environmental engineers.  While the 
Social, Behavioral & Economic Sciences and Engineering Directorates have had limited 
integration in the past, often due to an emphasis on more purely disciplinary advances, new 
opportunities are emerging.  Particularly relevant to environmental engineering, recent multi-
division research programs such as the Water, Sustainability and Climate program offer the 
promise of allowing for better integration of researchers from economics and engineering.  The 
recent program solicitation for Research Coordination Networks may also offer opportunities to 
advance the goals identified during this workshop (see Appendix and the interdisciplinary 
research brief by Dr. Bruce Hamilton). For example, the Science, Engineering and Education for 
Sustainability (SEES) track focuses on interdisciplinary topics that will advance sustainability 
science, engineering and education, using integrative approaches to solve challenges related to 
(i) adapting to environmental, social and cultural changes associated with growth and 
development of human populations, and (ii) achieving a sustainable energy future.  Additional 
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opportunities for interdisciplinary collaboration are sometimes also available through agencies 
such as USEPA, as well as the Department of Interior and NOAA (among others). 

The presentations and panel discussions that took place during the workshop indicated 
that an abundance of opportunities exist to conduct innovative research that is both technically 
novel and socially relevant, but that challenges remain regarding training the individuals that can 
address these topics, as well as obtaining the funding to conduct the research.  At present, 
funding opportunities that integrate engineering and economics are still somewhat limited, and 
there has yet to emerge the types of long-term programs that can be depended on to grow and 
sustain interdisciplinary research involving environmental engineering, economics and finance.  
Nonetheless, there is an increasing demand for knowledge and solutions in interdisciplinary 
areas, and research that integrates engineering, economics and finance in the drive for new 
solutions will be an important part of meeting that demand. 
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A Vision for the Future: Economics and Finance in the Education of  
Environmental Engineers 

 
Peter Adriaens, Ph.D., P.E., BCEEM 

Department of Civil and Environmental Engineering, and 
Professor of Entrepreneurship, Ross School of Business 

The University of Michigan 
 

As environmental engineers and scientists, we embrace the science and implementation of 
sustainable solutions, and serve the profession by improving the state of knowledge in the hope 
of impacting environmental policies, protecting human and ecosystem health, and creating 
societal value.  As the first decade of the 21st century has drawn to a close, consider the 
following global shifts that have taken place.  

1. Environment and sustainability are becoming increasingly integrated in corporate strategy,  
2. Public companies are disclosing their exposure to future climate and water risks, and 

consultancies and NGOs are responding to (and sometimes leading) this shift with 
innovative management and technological solutions.  

3. Global economies are committing to green innovation and value creation, and regulatory 
approaches to environmental issues increasingly make use of market instruments. 

4. China is moving from a low cost manufacturing economy to an innovation economy, and 
rapidly moving towards leadership in the deployment of technology and business models 
for environmental sustainability, with focus on energy, water, smart grid, and low carbon 
cities. 

During my interviews with students they increasingly indicate they want to have impact beyond 
academic achievement, including influencing policy, serving the bottom of the pyramid, and, 
more recently, to start a business. Our students increasingly take courses in business, finance, 
policy, social sciences and public health to complement their engineering skill set. And if we 
weren’t already exploring these dimensions ourselves, their projects often become the impetus 
for us to move outside of our comfort zone as well.   
From my perspective as past President of AEESP, this is a very positive and necessary change 
towards developing sustainable solutions for our grand challenges.  After all, sustainability 
argues for addressing environmental, economic and social metrics. The latter two have received 
scant attention, not least because of the lack of funding, even though broader societal impact has 
become a paramount NSF proposal evaluation criterion.  Yet, economic value creation and social 
acceptance are arguably the most significant drivers behind the adoption of new environmental 
processes and technologies. The challenge is then how to reconcile these seemingly opposing 
forces, and how to design curricula that incorporate economics and finance in the education of 
environmental engineers and scientists.  
The trend that decisions for innovative engineering solutions regarding society’s most 
challenging environmental problems increasingly encompass cost-benefit analysis, carbon 
finance and microfinance, venture investment and public finance, and consider economic break-
even timeframes is apparent in the developing world, emerging economies and the US, Europe or 
Japan.  This trend has also been recognized by the National Academies.  For example, the recent 
report on “Grand Challenges for Engineering” either implicitly or explicitly invokes the 
importance of economics and finance in areas such as ‘Solar Energy’, ‘Clean Water’, and ‘Urban 
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Infrastructure’. Whether as researchers or educators, as entrepreneurs or knowledge workers in 
corporate R&D, or by engagement with non-governmental organizations (NGOs), or as an 
investor, the capacity to incorporate economic and finance principles in their research and 
communication skills will help move the needle in sustainability, and enhance their opportunity 
to have impact in society. 
So what could a curricular restructuring look like?  Consider the life cycle assessment 
approaches pioneered to address system-level impacts of products and services now 30some 
years ago.  Fast-forward, and NSF panels may decline a proposal because life cycle impacts were 
not considered.  LCA became the new boundary condition.  Given the shift in environmental 
policy designs, the financial or economic boundary condition may similarly influence how we 
think about environmental problem solving and design.  I call it Sustainability 2.0, or “How 
Economics, Finance, and Markets drive Design and Implementation of Sustainability 
Strategies”, which is the topic of a college of engineering (COE)-wide course I am piloting in 
2011.  As with my CleanTech Entrepreneurship courses, it’ll take a few iterations before we get 
it ‘right’. 
If there is one thing I have learned from working across engineering and business schools, it is 
that the analytical process that goes into solving problems that have societal or business value is 
open-ended and relies on ‘soft’ data, less constrained by regulatory frameworks or technical 
boundary conditions, yet does not ignore feasibility of the solution.  This is different from pure 
technical iterative problem solving, which tends to be constrained by defined boundary 
conditions or specifications, homes in on a unique solution, and tends to be ignorant of broader 
societal or economic value.  Considering the economic and social or behavioral drivers of 
problem solving for sustainability, we need both. 
This vision of the future reflects the times we live in and the urgency to solve real world 
problems in a post depression, environmentally reinvigorated global economy. After all, history 
has shown that innovation thrives when systems are in a state of disequilibrium.  Out-of-the-box 
(high risk – high impact) environmental problem solving is of the essence, to educate a globally 
competitive US work force, for US leadership in CleanTech innovation, and for an 
environmentally sustainable future that will need to adapt to a changing climate. 
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Designing, Constructing and Operating a New Pipeline: An Example of Interdisciplinary 
Research 

 
Anthony Boardman 

University of British Columbia 
 
For many years Canadians have debated the proposed Mackenzie Gas Pipeline that would run 
from Inuvik to the Alaska border. This $16+ billion project would allow gas to flow to US 
markets. It would obviously involve a significant amount of engineering and would have 
significant financial and environmental impacts. 
 
This “one-page” description outlines how such a project might be viewed from the perspectives 
of the consortium of companies involved in its design, construction and operation, government 
and society as a whole. It then raises some topics for future interdisciplinary research. 
 
Consider a hypothetical pipeline that could have three alternative routes: short, medium and 
long. The shorter route is less expensive but has more (negative) environmental impacts. The 
long route is more expensive but has fewer environmental impacts. Alternatively, one could 
think about the long route alternative as the same route but constructed to higher environmental 
standards. 
 
The results of a distributional cost-benefit analysis of the three alternatives (relative to the status 
quo) are shown in Appendix 1. There are four main stakeholders: consortium members, 
employees, residents and government. There is no consumer surplus because the gas is exported. 
For expositional simplicity, this example ignores secondary market effects, such as incremental 
profits to suppliers or complementors. All figures are present values. 
 
Private sector consortium members prefer the shorter route because the construction and 
operating costs would be lower, although taxes and the expected environmental costs to the firms 
would be higher. Some employees would enjoy job creation benefits which would be larger for 
the long route. Residents would bear the environmental costs. Although they would receive 
partial compensation if unanticipated damage occurred, they would prefer the medium and long 
routes. Government would prefer the shorter route because it would bring in more tax revenues. 
Aggregating all social costs and benefits indicates that the medium route would have the highest 
net social benefits and these net benefits would be positive. Therefore, the medium route is 
preferable from the perspective of (Canadian) society as a whole. 
 
This example illustrates or can be used to illustrate: 
! The typical output of a cost-benefit analysis (CBA) 
! CBA can be used to evaluate solutions to problems that have engineering and environmental 

(sustainability) impacts 
! Indeed, CBA considers all impacts on all members of society (the impacts and net benefits to 

each group can be estimated separately, and different groups might be weighted differently) 
! A comprehensive evaluation of such projects requires the involvement of experts in 

engineering, economics and finance 
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! If firms discount their impacts at the same rate as society discounts impacts, then the 
expected surplus to consortium members is the same as from a discounted cash flow analysis 

 
While the basic theory of CBA is well understood, there is considerable amount of research that 
needs to be done in the area of monetization—the monetary value placed on impacts. Economists 
tend to focus on “goods”, i.e. impacts with positive marginal utility. Benefits are measured by 
how much people are willing to pay (WTP) for goods. But what about “bads”, i.e. impacts with 
negative marginal utility, such as the environmental damage that might occur in the construction 
or operation of a new pipeline? In practice, such costs are often measured using WTP, that is, the 
cost is measured by how much people are willing to pay to avoid it. In principle, costs should be 
measured using the (minimum) amount people are willing to accept (WTA) to endure it. We 
know from prospect theory that losses loom larger than gains and that WTA amounts are on the 
order of 2-7 times higher than WTP amounts. However, theory and practice are far apart. 
Measuring environmental (and other) costs needs much more work. 
 
A related issue concerns happiness. CBA is fundamentally utilitarian – it tries to do the best for 
society as a whole. However, it treats a dollar to a billionaire the same as a dollar to you or me. A 
possible (though radical) alternative approach to measuring benefits or costs in terms of WTP or 
WTA would be measure them in terms of changes in happiness. In recent years economists have 
started to measure happiness at the national level (the Buhtanese have higher Gross National 
Happiness than others) and at individual levels (happiness varies with relative incomes and with 
age).  As yet, there has been no research on changes in happiness due to government 
interventions or on incorporating happiness into CBA. Both this topic and the above topic would 
likely involve both economists and psychologists. 
 
A final area of research worth mentioning is the social discount rate. There is still disagreement 
over whether to use a market opportunity cost of capital approach or a consumption rate in a 
growing economy. Going one step further, how should society (or a representative individual) 
discount happiness or changes in happiness? 
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APPENDIX 1: SOCIAL COSTS AND BENEFITS OF ALTERNATIVE 

PIPELINE ROUTES TO KEY STAKEHOLDERS 
(Present Values) 

     
 Short Medium Long 
 Route Route Route 
    
Consortium (Companies)    
Benefits    
Revenues 4 4 4 
Costs    
Construction Cost 2 2.1 2.5 
Operating Costs 1.2 1.25 1.5 
Taxes 0.24 0.20 0.00 
Expected firm environmental costs 0.18 0.08 0.05 
Costs 3.62 3.62 4.05 
Expected Surplus 0.39 0.38 -0.05 
    
Employees    
Job creation benefits 0.1 0.12 0.14 
    
Residents    
Environmental cost of construction 0.2 0.2 0.2 
Expected subsequent environmental costs 0.15 0.05 0.04 
Less compensation received -0.04 -0.02 -0.01 
Cost to residents 0.31 0.23 0.23 
    
Government Revenues (taxes) 0.24 0.20 0.00 
     
Net Social Benefits 0.42 0.46 -0.14 
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Integrating Economic and Financial Principles 
into Environmental Engineering Research and Education 

 
Interdisciplinary Research Idea:  Market-based Approaches to Dispersed Pollution 

John Braden 
University of Illinois 

 
Research Question:  What technologies might be applied to advance market-based strategies for 
addressing dispersed source pollution? 
 
Justification:  For more than 30 years, economists have advocated environmental solutions that 
harness market-forces.  Placing economic value on environmental quality and sensitizing 
decision makers to environmental consequences through full-cost pricing are likely to change 
behaviors.  Furthermore, markets encourage innovation and cost control, and these forces are 
essential in the quest to meet consumers’ needs and desires inexpensively while also minimizing 
environmental disruption. 
 
There have been notable successes, including the phase-out of lead in gasoline in the 1970s and 
the market for SO2 emission allowances begun in the 1990s.  The successes, for the most part, 
have occurred where relatively few emitters are responsible for the bulk of the pollution so it can 
be readily identified and monitored.   
 
The capacity to quantify and attribute discharges is a fundamental building block for market-
based approaches.  For dispersed pollution processes, such as those driven by stormwater, 
market-based approaches are much more difficult to apply.  In dense cities as well as in rural 
agricultural areas, accelerated runoff entrains sediment, nutrients, and chemicals while also 
stressing streams and exacerbating flooding.  The sources of runoff aren’t easily isolated nor are 
their contributions readily measurable.   
 
What technologies might be developed and adapted to enable market-based approaches to be 
applied to dispersed source pollution?  E.g. 
 1. Can tracers be incorporated inexpensively into chemicals prone to discharge (e.g., 

fertilizers)?  Can biogeochemical analysis inexpensively diagnose sources of sediment? 
 2. Can discharges be remotely sensed with temporal and special precision sufficient to 

support quantification? 
 3. Given their stochastic nature, what methods might be used to quantify expected or 

realized discharges for purposes of prediction and reconciliation? 
 4. Are cost-effective technologies available to manage these pollutants? 
 5. Can models of discharge generation and dispersion be made sufficiently robust to 

withstand legal challenge? 
 6. What has been learned in the TMDL process that might help inform the design of market-

based policies for dispersed-source pollutants? 
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Applying Financial Portfolio Theory to Water Supply Management Planning 
Gregory W. Characklis, University of North Carolina at Chapel Hill 

Patrick M. Reed, The Pennsylvania State University 

 

Significant uncertainties are associated with the degree to which climate change will alter 

regional rainfall and streamflow patterns, and these represent serious challenges to urban water 

supply planners, as almost all water system designs are based on the assumption that these 

patterns are “stationary” (i.e. will remain constant in the future). Increasing evidence that climate 

change is impacting the hydrologic cycle has resulted in the assertion that “stationarity is dead”, 

raising doubts about the usefulness of the historical record as the primary design parameter for 

urban water systems. Thus, water utilities are struggling to develop new planning paradigms that 

provide greater flexibility in the face of climatic uncertainty which, combined with pressures 

from rising demand, present them with serious challenges. Adding further urgency to this issue 

are projections of near-term (present to 2025) expenditures on water-related infrastructure, which 

are expected to be in the hundreds of billions of dollars.  Given that many of these projects will 

have 50+ year lifespans, a period over which climate change is predicted to have significant, but 

uncertain, effects, the importance of innovation in developing water management strategies 

becomes increasingly clear. 

The objective of type of research will be to develop tools and guidelines that support a 

modern paradigm for water supply planning under conditions of climatic uncertainty. This 

approach involves the coordination of a diverse “portfolio” of water-related “assets” including: 

supply infrastructure (e.g., reservoirs); conservation technologies (e.g., water reuse); transfers 

among different users (e.g., utilities, industries), and; demand management measures (e.g., 

pricing, usage restrictions). Diversification has long been a strategy for dealing with uncertainty 

in other industrial sectors, and while there is tacit acknowledgement that more diversified supply 

strategies could benefit urban water utilities, previous attempts at implementation have largely 

been unstructured and ad hoc. Generalized approaches to coordinating a diverse portfolio of 

supply and demand management alternatives are needed, and developing integrated strategies 

involves consideration of the engineering, economic and financial realities associated with large 

scale investments. 

The design and evaluation of these portfolios is challenging, requiring careful consideration 

of a combination of financial and performance-based engineering objectives across a broad range 

of uncertainties. Classical least cost policy analysis may degrade decision quality because 

decision-makers are presented with too limited a range of alternatives as a consequence of a very 

narrow definition of system optimality.  Consumer behavior and concerns over financial realities 

will play at least as strong a role in determining optimal solutions as criteria based purely on 

engineering considerations.  As more modeled and un-modeled criteria become important in 

complex water planning problems, these high-dimensional objective spaces need to be 

interactively explored in a meaningful way.  Interesting research is being done at the intersection 

between joint cognitive systems and the emerging field of visual analytics.  Visual analytics 

bridges innovations in the information sciences with recent advances in interactive scientific 

visualization, with these advances showing promise in terms of their ability to communicate the 

tradeoffs (engineering, economic and environmental) inherent in complex systems to 

decisionmakers.  There is a pressing need for further research into decision support systems that 

allow utilities to rapidly and clearly assimilate an understanding of how diversified portfolios of 

water supply assets can mitigate vulnerability to population pressures and climate change. 
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Opportunities for Finance, Economic, & Environmental Engineering Research in Energy 
Technology Innovation 

Corrie Clark 
Environmental Science Division, Argonne National Laboratory 

 
U.S. energy technology innovation is important to economic competitiveness, to the 
environment, and to national security.i

 

 The adoption and deployment of innovative energy 
technologies affect and are affected by economic, financial, and environmental factors.  

An example of an innovative energy technology that could face barriers to adoption and 
deployment due to insufficient analysis of these factors is an enhanced geothermal system 
(EGS), which can expand the electricity-generating capacity of geothermal resources. When 
water is injected into the subsurface at sufficient pressure, new and existing fractures enable or 
improve water circulation through the resource allowing access to formations that are dryer and 
deeper than conventional geothermal resources and in areas not traditionally considered for 
geothermal energy development.ii

 

 Estimates that EGS technology is capable of providing at least 
100,000 MW of electricity within 50 years suggest substantial opportunity for its widespread 
adoption.   

For EGS, upfront capital costs are high while fuel costs are near zero; for fossil technologies, 
upfront capital costs are lower but fuel costs are higher. Because of these differences, 
conventional financing approaches are not necessarily appropriate for innovative renewable 
energy technologies such as EGS. As a result, energy technologies are often compared according 
to a levelized cost of energy (LCOE), an effective price per unit of energy (kilowatt-hour, kWh) 
that accounts for life cycle costs (e.g. construction, operation). While LCOE accounts for 
operating costs including environmental compliance costs, such an approach does not accurately 
account for the differences in environmental burdens of technologies such as associated carbon 
dioxide emissions, criteria air pollutant emissions, emissions to water, and water consumption 
and potentially results in an inaccurate LCOE. For various geothermal technologies, while the 
average lifetime CO2 emissions and on-site water consumption are relatively low compared to 
conventional energy technologies, these benefits, including improved energy resilience, are not 
readily captured in LCOE.iii,iv

 

 The technology adoption and deployment discussion seldom 
includes the economic value of these benefits, which can distort technology valuation.  

The extent that reduced environmental impacts may have on reducing the financial risk of 
technology deployment is also overlooked. For example, the energy resilience of EGS lies in the 
fact that it requires less water than a conventional fossil plant. The risk of a mandatory reduction 
in power production in a water constrained scenario would be reduced if an EGS power plant is 
financed. Incorporating such energy resilience into financing decisions would alter the risk 
associated with renewable energy technologies.  
 
Comprehensive, interdisciplinary analyses that are sensitive to energy resilience and true 
environmental benefits and burdens are critical to the development and deployment of a robust 
set of innovative energy technologies including EGSs. 
 
 
Work supported by the U.S. Department of Energy, under contract DE-AC02-06CH11357.  
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i Holdren, J.P., et al., 2010, “Report to the President on Acceleration the Pace of Change in Energy Technologies through an Integrated Federal 
Energy Policy,” President’s Council of Advisors on Science and Technology.  
ii U.S. DOE, 2008, Geothermal Tomorrow, DOE/GO-102008-2633, EERE, Geothermal Technologies Program.  
iii Sullivan, J.L., C.E. Clark, J.W. Han, and M.Q. Wang, 2010, “Life Cycle Analysis Results of Geothermal Systems in Comparison to Other 
Power Systems,” Argonne Technical Report, ANL/ESD/10-5.   
iv Clark, C.E., C.B. Harto, J.L. Sullivan, and M. Wang, 2010, “Water Use in the Development and Operations of Geothermal Power Plants,” 
Argonne Technical Report, ANL/EVS/R-10/5. 
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The Water/Energy Nexus and Life Cycle Assessment (LCA) 
Nick Clesceri 

 
A project that encompasses engineering/science and economics/finance could be a central tenet 
for Life Cycle Assessment (LCA). 
 
The Water/Energy nexus that is broadly mentioned in the production of ethanol (could be applied 
to biofuels, in general) is a prime candidate for LCA.  While considerable attention has been 
given to this topic, it would be very valuable to examine this from an environmental 
engineering and economics/finance perspective. The need for a rigorous interdisciplinary 
evaluation (with the possibility of starting with an existing analysis) of this issue would be a 
prime example of the expanded horizons available to the environmental engineering community, 
both for teaching and research. 
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Implementing Real Options for Planning, Developing, and 
Managing Sustainable Engineered Environmental Systems  

 
A Research Topic Description for the National Science Foundation Workshop 

“Integrating Economic and Financial Principles  
into Environmental Engineering Research and Education” 1  

 
David N. Ford, Ph.D., PE2

Texas A&M University 
 
Planning, designing, and managing engineered environmental systems to be sustainable requires 
identifying, describing, and managing many uncertainties in a complex dynamic system. 
Consider as a simple example managing the inflows and outflows of a water supply reservoir to 
meet downstream development and health needs, and to maintain the reservoir’s ecosystem and 
thereby recreational uses. Decision makers must account for uncertainties in rainfall, population 
growth, development rates, and other uncertainties over short, medium, and long time horizons 
and the impacts of current and future decisions. These uncertainties and complexities prevent 
forecasting the possible futures accurately enough to design and choose strategies and policies 
that are maintain a sustainable system. How can engineered environmental systems be planned, 
developed, and managed for sustainability in light of the critical roles of uncertainty and 
system complexity in determining system performance?  
 
Options provide decision makers a right without an obligation to change strategies in the future 
after uncertainty has resolved, thereby allowing better choices. Real options extend this form of 
structured flexibility to tangible (real) assets, including engineered environmental systems. The 
flexibility provided by real options can potentially improve the management of the uncertainties 
that are inherent in environmental engineered systems. Most research on real options focuses on 
valuation, how much the decision maker should be willing to pay for the flexibility. Real option 
valuation theory has developed many complex mathematical models for this purpose. The 
literature includes a plethora of articles that use these models to illustrate the potential of real 
options to improve the performance of engineered systems. However, real options research has 
largely failed to address the many important assumptions of those valuation models that deviate 
significantly from decision making practice. Despite their potential, real options as currently 
modeled can rarely be used to improve the sustainability of engineered environmental systems 
due to these differences.   
 
Real options valuation models can be improved to better reflect practice. However, better 
approach is to adopt a decision-making perspective to describe, structure, design, and use real 
options to identify barriers to real option implementation, develop tools and methods to 
overcome those barriers, and test their effectiveness for planning, developing and managing 
engineered environmental systems for sustainability. The results can then be compared and 
contrasted with the results of valuation-based approaches to real options. This will improve real 
option theory by expanding it further into implementation and improve the understanding of how 
engineered environmental systems can be planned, developed, and managed to be sustainable.  

 
1 This research topic directly addresses Workshop Theme #4: Assessing Actions and Investments that Promote 
Sustainability, challenge (iv) (workshop primer, p. 4).  
2  Email: DavidFord@tamu.edu 
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Bruce Hamilton 
NSF 

bhamilto@nsf.gov 
  
The NSF Engineering Directorate (ENG) established the "Environmental Sustainability 
Program" several years ago, and I am the Program Director for it.  By its very nature, 
environmental sustainability is interdisciplinary, so my program accepts such proposals 
routinely.  A program description is posted on NSF's website at www.nsf.gov.  CAREER 
proposals are for $400K over 5 years, and unsolicited proposals are for $300K over 3 
years.  Also, there is an option for larger interdisciplinary proposals, up to $1 million.  These are 
termed IDR proposals.  IDR proposals must have, in advance, the interest of NSF program 
officers in two different divisions, with the lead division being in ENG (both divisions may by in 
ENG; both program officers may not be in the same ENG division).  More on IDR is posted at 
www.nsf.gov on the webpage for the CBET Division (the Environmental Sustainability program 
is in the CBET Division).   
  
Of special relevance is the newly established NSF-wide investment area of "Science, 
Engineering and Education for Sustainability," or SEES for short.  SEES has a webpage posted 
at www.nsf.gov, and it will soon be updated.  Under SEES, a number of interdisciplinary special 
solicitations are being run.  One, for example, is the Water Sustainability and Climate solicitation 
(WSC).  WSC grants can be as large as $5 million.  We have run one WSC round so far, and 
engineering PIs did very well, winning two out of three of the $5 million grants that were 
made.  There were also several $1.5 million and $150K grants.  We plan to issue another WSC 
solicitation during 2011, probably in the middle of the year, with a deadline later in 2011.   
  
During 2011, new SEES opportunities will be announced.  It has already been announced 
publicly to "think RCNs" for SEES.  RCN stands for "Research Coordination Network." An 
RCN grant supports interdisciplinary coordination, not research, and might be for $100K per 
year or so, for five years.  An RCN solicitation is already posted at www.nsf.gov, but with SEES 
ramping up, the currently posted RCN solicitation likely will be revised soon.  One possibility 
might be to put together an RCN proposal on a topic related to the current workshop, spanning 
environmental engineering, economics, and financial research and education.  If such an RCN 
grant were made, it could go a long way toward financing follow-up to the workshop.  
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New Paradigms for Demand Management for Urban Water Supply 

James P. Heaney, Department of Environmental Engineering Sciences, U. of Florida 
December 2010 

 

Abstract: Economists have argued persistently for at least the past 50 years about the advantages 
of managing demand for water by metering water use and using commodity charges.  Dalhuisen 
et al. (2003) cite 300 studies that estimate the price elasticity of urban water demand ranging 
from 1963 to 1998. In spite of the many studies by economists of the benefits of pricing to 
manage demand, conservation pricing is typically viewed as an option whose impacts cannot be 
quantified with sufficient reliability to be included as a best management practice (BMP).  

Significant progress has been made in the past 15 years in quantifying the water savings from 
conservation options such as toilet retrofits.  The experimental design for these studies was to 
monitor water use in individual homes at ten second intervals and to convert the water use 
signals to water use events such as toilet flushes. The success of this process oriented approach 
led to a national study of 1,200 homes in 12 North American cities. Cross-sectional evaluations 
provided very strong evidence that the more efficient water use fixtures worked as well or better 
than the older fixtures. However, skeptics still claimed that cross-sectional studies are inadequate 
and that longitudinal studies with actual retrofits are needed to rigorously prove that the retrofits 
save water. A followup indoor water use retrofit longitudinal study confirmed the results of the 
cross-sectional study based on about 80 homes in three cities. 

Targeted studies of the impacts of pricing on water use could provide a significant improvement 
in the effort to quantify these impacts with enough reliability that they would be accepted by 
utilities.  Some needed improvements include: 

• Focus on  the price elasticity of outdoor water use that is a growing component of total 
water use and is the most price sensitive component of urban water use 

• Use process oriented methods to estimate irrigation water use including rigorous 
measurement of irrigated area 

• Include income elasticity of demand for water 
• Classify customers into homogeneous groups and develop estimates for  these subgroups 
• Evaluate customers with separate irrigation meters where possible 
• Develop risk based methods to estimate the reliability of  the proposed pricing strategies 

and the added financial uncertainty associated with putting a higher percent of the total 
charge as a commodity charge 

Reference 
Dalhuisen, Jasper M., Raymond J. G. M. Florax, Henri L. F. de Groot, and Peter Nijkamp 
(2003),“Price and Income Elasticities of Residential Water Demand: A Meta-Analysis,” Land 
Economics 79(2): 292-308. 
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Interdisciplinary Research Idea: Optimal Regulation and Incentives in Infrastructure 
Benjamin F. Hobbs, The Johns Hopkins University1

 
 

This project would examine the design of government policies and regulation together with 
market incentives to create and maintain an infrastructure responsive to societal objectives and 
emerging stresses.  The applications referred to below are to electric grid design, but the methods 
will be applied to other infrastructure systems. The research would involve economists, systems 
analysts, and civil and other engineers with expertise relevant to the infrastructure system being  

A first task would be the formulation of game theoretic models to characterize the 
interactions of (1) public agencies that fund/regulate infrastructure with (2) private or public 
owners and operators of infrastructure who respond to the incentives and constraints defined by 
agencies, and users, see, e.g., [1,2].  The models will represent the principal-agent problem [3] 
between a principal or Stackelberg leader (government) who has a set of economic, 
sustainability, and social objectives and an agent or Stackelberg follower (builder and operator of 
infrastructure) who responds to incentives set up by the principal.  Such models need to consider 
the full set of regulatory and financial mechanisms that the principal can use to motivate the 
agent, as well as a systems model that represents the agent’s decision variables regarding the 
design, maintenance, and operation of the infrastructure.  The models also need to represent 
consumer reaction to availability of infrastructure services and prices. 

An example of such a mechanism is Performance-Based Regulation.  It has successfully 
motivated cost efficiencies in utilities, but has been less successful in promoting noneconomic 
objectives [4,5].  

Principal-agent models from the literature, which focus on cost reduction, could be 
generalized to represent a principal whose objectives also include social and sustainability goals, 
and models of agent decisions and infrastructure performance that include that broader set of 
metrics.  A particular emphasis could be placed on exploring metrics that promote technological 
innovation in public organizations.   

A second task would be to use hierarchical optimization models to represent economic and 
engineering details of these principal-agent relationships and the infrastructure system itself for 
particular applications. Some of the models would be formulated as mathematical programs with 
equilibrium constraints or MPECs [6-10]. The advantage of these models relative to traditional 
economic principal-agent models is that their formulation as optimization models allows 
incorporation of rich technological detail that is necessary to adequately capture the performance 
of infrastructure. 

A third task would be to apply these models to explore how well different incentive 
schemes might incent improvements in efficiency, reliability, and sustainability for particular 
infrastructure systems.  For instance, in the electric power industry, there is a mélange of 
regulated and unregulated entities.  Regulatory decisions (for instance about the cost of back-up 

1Schad Professor of Environmental Management, Dept. of Geography & Environmental Engineering, 
JHU; Director, JHU Environment, Energy, Sustainability & Health Institute; Member, California ISO 
Market Surveillance Committee; Research Associate, Electricity Policy Research Group, University of 
Cambridge.  These ideas are the product of discussions with Catherine Norman, Seth Guikema, and Ben 
Schafer of JHU and Steve Gabriel of the University of Maryland. 
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power and the regulated price charged for ‘wire’ services) affect incentives for investment by 
unregulated entities in cogeneration, distributed generation, and microgrids.   It is possible for 
average-cost based rates to over-encourage so-called ‘bypass’ of regulated rates (by self-
generation), while on the other hand unreasonable back-up power costs could discourage 
economically and environmentally desirable cogeneration.  The proposed models could explore 
how incentives could be set for the regulated portion of the electricity industry so that they would 
encourage socially optimal levels of these dispersed generation sources.   
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Using Remotely Sensed Micro Data for Hydro-Economic Models 
Richard Howitt. Department of Agricultural & Resource Economics.  

University of California, Davis. 
 

Micro level data in the form of 30 meter pixels has been available for over a decade from 
Landsat images. With the development of GIS software, spatially explicit economic data is 
becoming more common. The impact on Hydro-Economic models has usually been limited to 
the presentation of results, while spatial economic models have largely focused on using spatial 
relations as an explanatory variable without investigating the economic and engineering forces 
underlying spatial economic differences. Given the predominance of irrigated agriculture on arid 
region water problems, most hydro-economic models recognize the irrigated sector as the focus 
of many policies. 

This note reports on some initial attempts to use recently developed remotely sensed crop 
identification methods, coupled with results from remotely sensed evapotranspiration and 
biomass estimates to identify hydro-economic relationships on a field level scale. The value of 
field level data is that the field is the basic decision unit for both engineering and economic 
decisions, and thus determines both intertemporal and biodiversity relationships. A central 
problem is that a field varies greatly in both size and shape, within, and between farms and 
regions. Our approach is to define the field boundaries in GIS and then aggregate the pixels 
within these boundaries to yield a data value for a field centroid. Currently we have values for 
over 120,000 fields (20 million pixels) in California’s central valley for four years and the 
following data: crop type, monthly ET, monthly biomass, soil type, subsurface salinity, and 
micro climate. In some regions we also know the owner and manager of the field. This data 
enables us to consistently measure biodiversity, dynamic changes on a monthly or annual basis, 
and distributions of crop ET and biomass. In addition, we can readily aggregate or disaggregate 
this data by political or policy model boundaries. Current work with these data includes: farmer 
response to subsurface salinity, the economics of crop rotations, and the potential for real time 
water markets. 

Behavioral Salinity Response Functions.  Salinity accumulation is a pervasive problem and 
usually occurs as shallow saline groundwater. Salinity yield loss functions in the root zone have 
been known for many years. However there is a wide range of actions that farmers take to reduce 
root zone salinity. Clearly an economic measure of the cost of subsurface salinity has to account 
for these behavioral responses to accurately measure the net cost. We have derived such 
functions using marginal changes in the crop rotations as a function of subsurface salinity. 

Economic Effect of Crop Rotations.  In most hydro-economic models, crop production is 
modeled by individual cropping activities which are assumed to respond to marginal changes. 
This implies that the response to policy is determined by the economic cost to the current crop, 
essentially a steady state response. In reality, farmers are optimizing a problem that has both 
physical and economic dynamic characteristics. Given these intertemporal effects, the policy 
response from the true dynamic problem will be less responsive than a static model which will 
over-estimate policy response.  

Real Time Water Markets. Like most economists and many engineers, I view water markets as 
a mechanism that can be used to help efficient water allocation and conservation. Despite many 
successes, water markets are dogged by high transaction costs that make markets for water 
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conserved within the growing season generally impractical. Data on monthly ET by field enables 
us to model water markets based on monthly field based conservation. 

These are just three of many ways in which the availability of micro physical data can be used to 
derive more detailed and accurate hydro-economic relationships. 
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Water Resources Planning under Climate Change: A “Real Options” Approach 
Marc Jeuland; Sanford School of Public Policy, Duke University, Durham, USA 

marc.jeuland@duke.edu  
 

This research project is aimed at the development and application of new tools that can be used 
for making more robust water resources planning decisions in the context of great uncertainty. 
Climate change is likely to have complex impacts on water resources systems (Jeuland 2010); 
understanding how these may affect existing and planned infrastructures is a matter of great 
importance to human societies across the world. At the same time, the planning record for large 
projects in the water sector is mixed, as recent reviews by the World Commission on Dams, and 
others, have made clear. Indeed, investments such as large dams have historically been selected 
and built in piecemeal fashion (Eckstein 1958; Rogers and Fiering 1986), and systems-based 
methods for choosing and prioritizing among multiple potential projects in water resources 
systems using decision-analytic tools, are infrequently used (Hobbs, Chao et al. 1997). Finally, 
among these infrequently used systems models, those which make any serious attempt at 
economic or financial analyses are a very small minority. 

Yet the literature from the fields of economics and decision theory is quite sophisticated and 
relevant to this problem. More specifically, a real options approach can be useful for planning 
new investments under conditions of great uncertainty (Dixit and Pindyck 1994). In the context 
of water resources planning and management, such an approach might focus on a series of staged 
decisions – for example the selection of new dams, their sizing, timing and sequencing, and 
finally their operating rules, as well as those of other structures already in the system – that each 
vary in their inherent flexibility. Furthermore, because of the complex linkages that exist 
between climate, the behavior of physical water resources systems, and their ultimate economic 
outputs, simulation tools would appear particularly well suited for practical implementation of 
the numerous computations required for a thorough assessment of different options. Much of my 
own research has focused on developing hydro-economic simulation models that include 
physical linkages between climate change and system hydrology, and that are useful for testing 
the sensitivity of the economic outcomes, measured by net present value, of dams to climate 
change and other planning uncertainties. Such models can easily be modified to conduct analysis 
of real options. 

In a specific application to planning new hydropower investments in the Blue Nile, the use of 
this approach has revealed that there is no single optimal system configuration across a range of 
very plausible and modest changes in future climate conditions. The real options decision 
framework is therefore useful for helping to identify configurations that are both more robust to 
poor outcomes while retaining sufficient flexibility to capture high upside benefits should 
favorable future conditions arise. It also yields insights about how delaying decisions in the hope 
that better future predictions will become possible has very real costs. In general, it would seem 
that this decision framework could readily be extended to explore a range of additional flexible 
features that could be usefully built into water resources projects (or a myriad of other similar 
engineering planning applications) to improve their economic performance. 
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Economically-informed alloy design for recycling  
Randolph Kirchain 

 

It is well known for many materials, and particularly for metals, that recycling decreases energy 
consumption and the attendant environmental burden of production. Luckily, this same energy 
difference can create a real economic incentive to recycle; firms can lower their costs by finding 
ways to use more scrap in their products. Nevertheless, realizing this benefit will require changes 
throughout the materials economy including redesigning both recycling processes and the 
recyclability of products and materials (alloys for metals).   

Designing alloys that are “recycling-friendly” (i.e., can be made from more scrap) is a 
challenging task. Specific suggestions have included broadening compositional specifications or 
translating compositional specifications to performance constraints (Miller et al. 2000; Das et al. 
2008; Woodward 1997; Das 2006; Das et al. 2007). The question remains, however, which 
specifications to change and by how much. The primary challenge of evaluating the recycling-
friendliness of alloys or changes to alloys is that recycling-friendliness is a context dependent 
property; how much scrap an alloy can accommodate will depend on not only the compositional 
specifications of the alloy itself, but also the types and characteristics of scraps available to 
recyclers. 

Fortunately, optimization models, similar to models used in operational planning in recycling 
today, can be used to bridge this gap. Specifically, such models can be used to a) evaluate the 
potential scrap usage of alloys and b) 
proactively identify alloy 
modifications that can increase 
potential scrap use. The details of a 
simple version of such a model can 
be found in (Gaustad et al. 2010: S1). 
The model described in that paper is 
a classic blending optimization 
model. Such models examine the 
problem of mixing arbitrary 
quantities of raw materials (pure or 
scrap metal) to produce a set of 
alloys under certain constraints (e.g., 
satisfying compositional 
specifications). In any industrial 
application, these blending models 
are setup to find the lowest cost set 
of raw materials that satisfy the 
contstaints. In the case of metals 
production, because scrap is 
generally cheaper than primary 
metal, the lowest cost solution is 
close to the scrap use maximizing 
solution. The primary outcome of 
such models is the preferred 

Change in scrap use from a) relaxing Mg constraints on alloy 3004, b) Then 
tightening Mn constraint, c) Then tightening Cu constraint, and d) New 

maximum specifications for 3004sr!!!(from Gaustad et al. 2010) 
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production recipe. Directly, this quantifies potential scrap use in a given production context. 
Unfortunately, it is not practical to iterate through every possible combination of specification 
modifications. However, shadow prices on compositional specification constraints can be used to 
identify those specifications which most (and least) limit scrap use and therefore to guide the 
alloy redesign process.  

Clearly, modifying alloy specifications could facilitate recycling, but identifying the effective 
modifications is not obvious. The trivial solution of broadening all specifications is sure to alter 
alloy materials properties. Instead, the alloy designer must selectively alter specifications, 
relaxing some, while tightening others. The figure to the right shows an example of using 
shadow prices to guide the modification of the specifications for alloy 3004 to improve potential 
scrap use. Specifically, shadow prices were used to identify Mg as the primary limiter for scrap 
use and Mn and Cu as potential compensatory elements, the specifications of which could be 
tightened with little effect on scrap use. The indicated modifications allowed potential scrap use 
to increase from 1% to 18% for this alloy. 

Any actual alloy design process should also be informed by metallurgical considerations, but this 
example shows the promise of economic models to guide the search of sustainable solutions.  
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Multidisciplinary Research in Environmental Engineering 
A Climate Mitigation Example  

CD Kolstad 
 

 The goal of this workshop is to bring a multidisciplinary perspective to environmental 
engineering, including research, with a particular emphasis on economics and finance.  In my 
mind, multidisciplinary research involves teams of researchers with individuals representing 
different fields.  For instance a team consisting of an environmental engineer and an economist 
(obviously larger teams work too).  This is not interdisciplinarity, as defined by the IGERT 
program, but multidisciplinarity. 

 One possible multidisciplinary economics—environmental engineering research project 
would involve the cost of mitigation of greenhouse gas (eg, carbon dioxide) emissions.  There is 
significant debate in the literature between the engineering approach to cost accounting and the 
economic approach.  The engineering, or bottom-up, approach typically generates more 
optimistic estimates of mitigation costs (ie, lower costs for a given level of mitigation) than 
economic approaches which are based on actual experience.  Remarkably, this divergence has 
yet to be explained or rationalized.  The significance is enormous.  The divergence between these 
two approaches is one reason we have so little confidence in the cost of climate policies in the 
US.   

 One example is the well-known McKinsey curve of abatement opportunities, many of 
which are “negative cost,” meaning you save money by adopting them.  Why haven’t such 
opportunities already been exploited?  The IPCC report on mitigation is also replete with 
negative cost opportunities.  There is a modest economic literature on this topic, exploring 
market imperfections and the costs of information.  But the question is far from resolved. 

 This topic would provide a good opportunity for an engineer and economist to work 
together to clarify why this divergence exists and to try to identify where truth lies. 
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Integrated Assessments of Dam Removals, Culvert Enhancements and Fish Passage 
Research Area for Economics, Finance, Engineering and Science 

Lynne Lewis, Bates College 
December 2010 

 
In July of 1999, the Edwards Dam on the Kennebec River in Maine was breached. It was fully 
removed by September of 1999. Shortly after its removal, anadromous fish, including Atlantic 
salmon, returned to the river above the dam site but, until recently, were blocked by the next 
dams on the system – the Lockwood Dam on the mainstem and the Ft. Halifax Dam on the 
Sebasticook River tributary.  One of those dams has since been removed and the other has a 
“state-of-the-art” fish lift.  
 
The removal of the Edwards Dam set a national precedent for removing hydropower dams of 
marginal value. The removal represented the first time a functioning hydropower facility 
undergoing relicensing under FERC (the U.S. Federal Energy Regulatory Commission, which 
licenses hydropower facilities) was removed with the goal of restoring aquatic ecosystems. 
Upstream dams have since faced the need to build fish passage in order to meet the terms of the 
Kennebec River Restoration Agreement.  
 
Since this time many dams around the country have either been removed or are being considered 
for removal. Dams that are not coming out are being retrofitted with fish lifts, fish ladders or in 
some rare cases river channel bypasses. New US Army Corp of Engineers rulings on culvert size 
for fish passage and stream connectivity is also changing the landscape. Evaluation of new 
projects or enhancements cannot rely on economic, ecological or engineer assessments as stand-
alone disciplinary decision-making tools. What is necessary is something more integrated, more 
complicated, more flexible and potentially more successful.  
 
The Penobscot River Restoration project is the largest restoration project east of the Mississippi 
River and illustrates innovative thinking. The Penobscot River Restoration Project is a river-
scale collaboration between NGOs, the Penobscot Indian Nation, state and federal government 
and hydropower interests. The project, if fully implemented, would lead to removal of the two 
lowermost dams on the river, and the decommissioning of a third dam.  At a fourth dam, an 
innovative bypass channel would be installed, permitting passage of fishes.  Hydropower 
enhancement at other facilities in the watershed would maintain 95% of the existing hydropower 
capacity. Through innovative financing, the option to purchase the lowermost dams, Veazie and 
Great Works, has been exercised. The permitting process is complete and the Trust may use 
hydropower revenues from the purchased dams until removal is complete. Great Works Dam 
will be removed as early as summer 2011. Pre-project science monitoring is taking place and 
economic analysis is also involved. The completed project, incorporating dam removal, 
construction of fishways, river restoration, and investments in riverfront communities, is 
expected to cost on the order of $60 million, making it by far the largest environmental 
restoration effort in Maine. The project will free up more than 1,000 migratory fish miles for 
Atlantic Salmon and up to 500 miles for other migratory fish species such as shad and sturgeon.  
 
Consideration of the social and economic impacts of fish passage engineering options can 
complement studies of the ecological impacts of the practice.  Understanding of the hydrological 

23



characteristics of river systems can enhance engineering studies for fish passage that in turn will 
increase the socio-ecological benefits. As hundreds of small hydropower dams come up for 
relicensing in the next 20 years, integrated assessments will be crucial for decision making.  The 
Penobscot River Restoration Project highlights the importance of and need for integrated 
planning and interdisciplinary research.  Relicensing decisions, dam removal, fish passage and 
culvert enhancement all require coordination and analysis across multiple disciplines - 
economics, finance, engineering and science especially.  Integrated assessments can provide 
valuable information for decision making.  This area of research is timely, important and can 
provide critical information to decision-makers.  
 
A recent article in Science, articulates the urgency for integration  of research involving the full 
ranges of sciences and a “better integration of the social sciences”  in order to understand human 
responses, but also with a focus on global sustainability. Innovative partnerships and academic 
incentives to pursue interdisciplinary research across natural, social and engineering sciences are 
necessary.1

1 Reid, W. V.,  D. Chen,  L. Goldfarb, H. Hackmann,  Y. T. Lee,  K. Mokhele,  E. Ostrom,  

  

K. Raivio,  J. Rockström,  H. J. Schellnhuber,  A. Whyte. 2010. “Earth System Science for Global Sustainbility: Grand Challenges,” Science 330: 
916-917.  
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"The Social Engineering of Environmental Engineering: Integrating Economic and 
Financial Principles into Environmental Engineering Research and Education" 
 

Jay Lund 
Department of Civil and Environmental engineering 

University of California – Davis 
jrlund@ucdavis.edu 

 
Many (perhaps most) environmental engineering failures involve failures of social 
engineering.     
 
Most environmental engineering involves people, often millions of people, and their 
resources, often millions even billions of dollars.  The broad public goods nature of many 
environmental engineering activities also implies that environmental engineering will be 
done, or overseen, by the public sector. 
 
Why should people devote resources to an environmental engineering enterprise?  How 
should environmental engineering plans and designs be crafted for the public good?  How 
can such expenditures be justified and compared in a world of many opportunities and 
limited resources?   
 
How formal can these responses be?  Various variations on benefit-cost analysis attempt 
such a formal response.  Or does the many-decision-maker, many-objective, and complex 
and uncertain nature of many environmental engineering problems imply that 
environmental engineering decisions will always be significantly arbitrary and capricious 
– at least from the perspective of disgruntled parties and objectives?  Recent delta smelt 
ruling in California might support this point. 
 
Today, most environmental engineering is based on complying with regulations.  These 
regulations are often established and evaluated at national and state levels, but 
implemented locally.  These evaluations often include economic analysis and some sort 
of probabilistic risk analysis.  Local utilities and decision-makers rarely make 
environmental engineering expenditures unless they are required by others.   
 
The environmental engineering profession co-evolved with a range of governmental, 
educational, and economic institutions (Tarr 1984).  Sanitation conditions in American 
cities improved from this success.  To what degree should we consider the implementing 
institutions in the design of environmental engineering systems?  If so, how should these 
considerations be integrated? 
 
This seems like a worthy research topic. 
 
Reference: 
Tarr, J.A. (1984), “Water and Wastes: A Retrospective Assessment of Wastewater Technology in 

the United States, 1800-1932,” Technology and Culture, Vol. 25, No. 2 (April), pp. 226-263. 
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Human and Embodied Energy Analysis Applied to  
Water Source Protection and Household Water Treatment Interventions 

 
James R. Mihelcic 

Civil & Environmental Engineering, University of South Florida 
 
As water quality interventions are scaled up to meet the Millennium Development Goal of 
halving the proportion of the population without access to safe drinking water by 2015, there has 
been much discussion on the merits of household- and source-level interventions. This study 
furthers the discussion by examining specific interventions through the use of embodied human 
and material energy. Embodied energy quantifies the total energy required to produce and use an 
intervention, including all upstream energy transactions. Our model uses material quantities and 
prices to calculate embodied energy using national economic input/output-based models from 
China, the United States, and the location of our study site, Mali (West Africa). Input-output 
(I/O) analysis is a method by which the structure of an economy can be used to estimate the 
economic output required to sustain a given economic activity. In some cases the required energy 
resources and resultant environmental stressors associated with those economic activities can 
also be estimated.  Embodied energy is a measure of aggregate environmental impacts of the 
interventions. Human energy quantifies the caloric expenditure associated with the installation 
and operation of an intervention is calculated using the physical activity ratios (PARs) and basal 
metabolic rates (BMRs). Human energy is a measure of aggregate social impacts of an 
intervention. 
 
The objective of this study is to demonstrate a means to analyze the environmental and social 
impacts of water quality interventions as they are scaled up to provide coverage to the 4.5 
million rural Malians currently without access to a functioning improved source. Though these 
interventions are typically designed to do more with less, the aggregate effect at a regional or 
global scale can be expected to be quite large. There have been studies with an eye to an 
aggregate economic effect of implementing source improvement of a water supply or point of 
use water treatment. For example, previous work has identified the cost effectiveness of a 
number of interventions on the basis of a common health indicator, disability-adjusted life years 
(DALYs) averted. This study seeks to augment those previous studies by examining aggregate 
environmental effects through embodied energy and aggregate social effects through human 
energy. The following hypotheses are tested: 
 
1) Embodied energy is dependent on the scale of the intervention – that is, a household level 
intervention as opposed to an intervention at the source. 
2) The human energy required to install and operate an intervention is small relative to embodied 
energy, but can be a significant portion of the energy budget of a subsistence farmer. 
 
This study uses rural subsistence farming communities in Mali as the setting in which water 
quality interventions are implemented. Based on these criteria, this study uses a functional unit of 
12 cubic meters of water per day, enough water to provide minimal access for a village of 600 
inhabitants, and a ten-year time frame for each intervention.  The selection of a ten-year time 
frame is consistent with professional expectations of the lifetimes of the selected interventions.  
A total of four household treatment interventions – biosand filtration, chlorination, ceramic 
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filtration, and boiling – and four water source-level interventions – an improved well, a rope 
pump, a hand pump, and a solar pump – are evaluated in the context of Mali. 
 
The most striking result is that boiling with firewood requires 172,559 GJ of energy over a ten-
year period, more than two orders of magnitude more energy than the next most energy intensive 
intervention.  Of the remaining seven interventions, the ceramic filter is the most energy 
intensive, requiring 343 GJ, and the rope pump is the least intensive with 117 GJ.  Source-level 
interventions slightly out-perform household-level interventions in terms of having less total 
embodied energy.  Human energy, typically assumed to be a negligible portion of total embodied 
energy, is shown to be significant to all eight interventions, and contributing over half of total 
embodied energy in four of the interventions. Traditional gender roles in Mali dictate the types of 
work performed by men and women. When the human energy is disaggregated by gender, it is 
seen that women perform over 99% of the work associated with seven of the eight interventions 
(62% of human energy associated with boiling water was attributed to woman).  This has 
profound implications for gender equality in the context of water quality interventions, and also 
may justify investment in interventions that reduce human energy burdens.  

 
Based on MS research of Brendan Held, Master’s International Program in Civil & 

Environmental Engineering 
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Rethinking Sanitation for Developing Countries: 
Environmental and Economic Considerations 

 
Christine L. Moe 

Center for Global Safe Water at Emory University 
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Atlanta, GA 
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An estimated 2.6 billion people (40% of the global population) do not have access to sanitation.  
The majority of these people live in sub-Saharan Africa and Southern Asia1.  Lack of sanitation 
threatens health, environmental quality, economic development, education and human dignity.  
Conventional approaches to sanitation in industrialized countries, ie. flush toilets, sewerage and 
wastewater treatment, are unlikely to be affordable or feasible in many parts of the world 
because of water scarcity and limited financial and human resource capacity for sustainable 
operation and maintenance.  Global urbanization trends will lead to increasingly complex 
challenges for providing sanitation in low-income urban settings.   
 
There is a critical need for innovative technologies and economic approaches to promote, scale 
up and sustain sanitation.  Community-level sanitation approaches that provide additional 
economic benefits, such as energy production (eg. biogas or other); fertilizer (nutrients in urine 
and biosolids); and the use of nutrient-rich wastewater for silviculture, non-food cash crops, 
selected food crops (?), and fish farms, have potential for scaling up.  However, further research 
is needed to make these approaches safer as well as more feasible.   
 
Innovative technologies and economic approaches are also needed to promote household-level 
sanitation as a desirable and affordable household good in addition to a human right.  There is 
little experience with microcredit used directly for household sanitation.2 However, one study in 
Bangladesh indicates that households of women who receive microcredit are more likely to buy a 
latrine than households that do not.3 Some NGOs have been exploring household sanitation 
financing approaches where a urine-diverting composting latrine is provided for free or at low 
cost and then a sanitation service buys and collects the urine and biosolids for additional 
treatment and resale as fertilizer.4 The economic feasibility of this approach may be driven by 
local agricultural practices, the rising costs of chemical fertilizers and the predicted shortage of 
phosphate rock reserves – a non-renewable resource.5,6 
 
WHO estimates that the total annual cost of meeting the Millenium Development Goal for 
sanitation access is approximately $18 billion, and maintaining provision of sanitation services to 
those who already have access is estimated to cost $54 billion annually.7 However, the estimated 
cost-benefit ratio for sanitation is 9.1 for non-OECD countries.8 The economic benefits of 
sanitation come chiefly from saving time, (90%) gains in productivity (8%) and savings in health 
care costs (2%).8 

 
1. World Health Organization and UNICEF (2010) Progress on Sanitation and Drinking-

Water 2010 Update.  
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2. (http://www.who.int/water_sanitation_health/hygiene/envsan/sanitchallenge/en/index6.ht
ml).   

3. In households with microcredit loans to women in Bangladesh, latrines increased from 
9% to 26% in a 3-year period.  In comparison households without microcredit, the 
percentage of households with latrines fell from 10% to 9% during the same period. 
(Husain, A.M. (1998) Muazzam, ed., “Poverty Alleviation and Empowerment: The 
Second Impact Assessment Study of BRAC’s Rural Development Programme.” Dhaka, 
Bangladesh: BRAC, 1998) 

4. http://support.waterforpeople.org/site/DocServer/SSP-article-bramley-and-
breslin.pdf/864370681?docID=1661 

5. http://phosphorusfutures.net/why-phosphorus 
6. Rockstrom, J., G.N. Axberg, M. Falkenmark, M. Lannerstad, A. Rosemarin, I Caldwell, 

A Arvidson and M. Nordstrom. (2005) Sustainable Pathways to Attain the Millennium 
Development Goals: Assessing the Key Role of Water, Energy and Sanitation. 
Stockholm Environment Institute, www.sei.se 

7. Hutton, G. and J. Bartram (2008) Global cost of attaining the Millennium Development 
Goal for water supply and sanitation.  Bull WHO 86(1):13-19. 

8. WHO, G. Hutton, L. Haller and J. Bartram (2006) Economic and Health Effects of 
Increasing Coverage of Low Cost Water and Sanitation Interventions.  Human 
Development Report Office Occasional Paper 2006/33. 
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Use and Management of Infrastructure As Global Climate Changes 
Catherine Shelley Norman 

Department of Geography and Engineering 
The Johns Hopkins University 

 
Adaptation of infrastructure to climate change requires scientific, engineering, and economic 
expertise. Forecasts of changes in average temperature and precipitation patterns and extreme 
climatic events from earth and atmospheric scientists will inform individual and social decision 
making over decadal time scales. Urban form is a key determinant of health and quality of life, 
and because it is slow and expensive to build and change and typically stays in place for very 
long periods of time, it is critical to develop an improved understanding of how systems 
accumulated over the last century will be stressed and limited during the transition to a new 
environmental and economic climate and eventually to new infrastructure systems, ideally 
reshaped and optimized for that environment. The human and climate dynamics of the between-
equilibria stages of the process will determine the welfare and economic outcomes of large 
numbers of people during the century ahead. 
 
Engineers and earth and materials scientists can move from changing climate information to an 
understanding of the physical effects on built systems of changing temperatures, soil and air 
moisture levels, and patterns of extreme events. Climate-driven stresses and limits relate to a 
changing environment (where temperature, wind and precipitation patterns, and atmospheric and 
soil moisture levels affect the physical components of infrastructure systems). These scholars 
will develop new technologies to build, monitor, renew and use critical physical infrastructure. 
 
Human responses to climate change and related phenomena (like substantially higher energy 
costs, perhaps) lead to different stresses. Economists will need to study and predict the 
magnitude of private responses to changing climate and infrastructure conditions to develop 
effective public policy and understand who in society will be most vulnerable during the 
transition period. These responses include energy use and transportation choices as relative costs 
change, responses to changing food costs and availability, residential and employment location 
decisions, and individual solutions to infrastructure gaps on the private side. On the public side, 
these will drive responses to possible extreme weather events, including supporting critical 
emergency facilities, public health interventions as populations face changing disease patterns, 
changing water supplies and funding of maintenance, improvement and replacement of heavily 
congested (for cities with in-migration) or underused (for cities with outmigration) water, energy, 
communications and transport systems. This research feeds back to the engineers and scientists 
who will design systems to meet those changing needs identified by economists and other social 
scientists. 
 
Settlement patterns, urban planning, and public finance will be constrained by our understanding 
of physical systems and climate outcomes and our confidence in those often profoundly 
uncertain estimates as well as by public opinion and economic conditions. Economists and 
political scientists will study the tradeoffs between robust and resilient systems that require 
different levels of maintenance and offer different amounts and kinds of flexibility over their 
design life, as well as different time profiles of benefits and costs. Risk analysts will have critical 
roles to pay in integrating models of natural, built and human systems. 
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The complexity of these systems, and the uncertainty surrounding many of the key relationships 
that drive them, means that no single expert can grasp the entire system in sufficient detail to 
build a ‘correct’ model of human-climate dynamics and eventual equilibria or devise jointly 
optimal policy based on credible science. Different domain experts must find common languages 
and frameworks to develop useful responses to new knowledge and to improve the questions 
scientists across disciplines - ask and thus, finally, the answers they can provide to a society 
reaching natural and human constraints. 
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Economic Benefits from Landfill Gas to Energy Production 
Hamid Amini, PhD Candidate 

Debra R. Reinhart, Asst. VP and Profession, reinhart@mail.ucf.edu 
University of Central Florida 

 
Landfills are currently the most cost effective approach in managing municipal solid waste 
(MSW) in the US, with more than 54% of the generated MSW landfilled in 2008. One potential 
revenue source for landfill owners is collecting and utilizing landfill gas (LFG) to produce 
energy from the contained methane. Although LFG to energy (LFGTE) facilities increase 
landfilling costs, they can result in a positive cash flow through energy sales, carbon credit 
trading, and tax credits for producing and using renewable energy. Acknowledging the fact that 
the methane is produced from biomass, LFG is considered a renewable energy resource in almost 
all US state-established renewable portfolio standards (RPSs). This fact encourages landfill 
owners to invest in LFGTE for both environmental and economic benefits. Estimations of 
LFGTE potential and renewable power density for the state of Florida showed that LFGTE can 
be comparable to energy resources such as wind and ocean heat. 
 
Changes in regulations and policies, as well as improving operation procedures, are likely to 
occur during the 20 to 30 year lifetime of LFGTE projects and affect their economics. Recent 
economic debates regarding controlling GHG emissions have been focused mainly on two 
scenarios, i.e. carbon tax and carbon-trading. Although conceptually simple to understand, policy 
makers and public communities are currently less likely to discuss the establishment of a carbon 
tax due to the recent economic recession. Yet, businesses have in the past shown interest in the 
rising carbon trading market. The US voluntary carbon trading market value was over $0.7 
billion in 2008 (compared to $0.3 billion in 2007 and $0.1 billion in 2006; Hamilton et al., 2009). 
LFGTE projects may provide other economic incentives, including renewable energy credits 
(RECs) and renewable energy production tax credits (PTCs). 
 
It is possible to analyze cost and revenue factors to study the economic parameters affecting 
LFGTE projects and facilitate managerial and operational decision making. In this project, total 
benefit and cost, marginal benefit or cost, feasibility threshold, and return of investment were 
studied for an average landfill (approximately 700 tonnes MSW disposed per day). Costs 
(constructions, operation and maintenance, leachate treatment, closure, and post-closure) and 
revenues (waste disposal fee, energy sales, carbon-credit trading, and volume recovery) were 
calculated using a modified version of the bioreactor landfill economic model (BLEM; Berge et 
al., 2009). LFG generation was modeled using the EPA LandGEM model. LFGTE production 
was estimated with consideration to year-by-year mass-based LFG collection efficiencies, and 
typical gas utilization and electricity generation efficiencies. A sensitivity analysis was done to 
study the effect of various scenarios, related to changes in regulations, RPS, and operating 
procedures, on the economics of LFGTE. 
 
Preliminary outcomes show energy sales revenue from a LFGTE facility can significantly affect 
the economic feasibility of landfills although, for the current US voluntary carbon market, 
revenue from trading carbon credits is minimal. In the absence of a federal RPS and carbon 
trading scheme, the fee received for waste disposal and electricity sales are the main economic 

32



revenues for landfill owners.  Policies and regulations favoring carbon trading will promote the 
value of renewable energy production. 
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Benefit-Cost Analyses of Nutrient Management within the Neuse River Basin 
Kurt Schwabe,  

Department of Environmental Sciences  
University of California, Riverside 

 
These projects consisted of (i) comparing the cost-effectiveness of various state regulatory 
schemes to reduce nutrient loadings in the Neuse River Basin (NRB) estuary by 30%, and (ii) 
providing a measure of the returns (benefits) associated with such nutrient reduction goals so as 
to better understand the efficiency of the nutrient reduction goal.  Specific recognition is attached 
to the terms cost-effectiveness and efficiency since the latter provides a more accurate 
representation (certainly in theory) of the trade-offs associated with any particular policy.  When 
the benefits of nutrient reduction were measured, via a benefits transfer approach from a random 
utility model used in Smith, Liu and Palmquist (1993) or from a contingent valuation study as 
reported in Smith, Schwabe, and Mansfield (1999)), the estimated benefits were nearly twice the 
estimated costs, resulting in estimated annual net benefits of nearly $20 million. 

On the cost side, a mathematical programming model of regional agricultural production 
and wastewater treatment from municipalities and industry was developed that included input 
from a variety of disciplines.  Soil scientists and biological engineers helped develop the 
engineering cost estimates (and effectiveness) of various nutrient reduction technologies, 
including vegetative filter strips and water control structures.  Agronomists helped develop the 
conservation tillage estimates relating yield, fertilizer applications, and runoff.  These scientists 
also helped to develop location-specific soil indices (e.g., slope, transmissivity, erodibility) that 
were used to adjust runoff estimates and the unit costs and effectiveness of nutrient control 
technologies within the NRB.  State water quality engineers and managers helped develop the 
fate and transport functions for nutrient decay within the Neuse River Basin.  Wastewater 
treatment cost estimates for secondary and tertiary treatment were derived from engineering 
studies.   

The mathematical programming model followed the framework developed by researchers 
at Resources for the Future (e.g., Russell and Vaughan 1974) for residuals management, yet 
incorporated a nutrient-balance accounting framework.  The program allowed for the major 
production and control activities for nutrient generation and reduction within the NRB.  The 
modeling approach allowed for reasonable substitution opportunities between technologies, and 
separability assumptions across activities, in a manner that provided a complete accounting of 
the main influences on the residuals from the point of application to the estuary.  Heterogeneity 
arose via both economic and environmental factors. 
 
A few of the lessons gleaned (or perhaps reiterated) from this research include: 
 

! Treating production as separable from abatement often limits the full range of real-world 
management strategies for addressing environmental problems and, hence, over-estimates 
the costs of environmental improvements; a similar statement can be made regarding 
analyses that overlook mitigation and adaptation (both on the production and 
consumption side). 

! The benefits and costs of environmental improvements also are influenced by 
institutional structure, both in terms of how the improvements are encouraged (e.g., a tax 
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versus a standard) as well as who counts—i.e., what’s the extent of the market in terms of 
who is allowed to be responsible for the improvements and who is assumed to benefit. 

! The estimated magnitude of the effect of any innovation will be influenced by how the 
processes are configured and will not be independent of factor prices (Kopp and Smith 
1980) and output prices, which may themselves be influenced by the environment. 

! Pricing of the full range of outputs, including nonmarket (environmental) goods, is a 
necessary ingredient to accurately weight the trade-offs among environmental policy 
options. 

 
These lessons, among others, are being applied to developing/current research related to (i) 
growing bio-algae (as a feedstock) in the Salton Sea watershed, (ii) growing bio-fuels in salinity-
laden agricultural areas of the Central Valley, and (iii) estimating the impacts of less dependence 
on State Water Project and Central Valley Project water by many Southern California water 
agencies through demand-side management, wastewater reuse, storm water recapture, ocean 
desalinization, and groundwater extraction. 

35



Project: “Development, Testing, and Application of Ecological and Socioeconomic 
Indicators for Integrated Assessment of Aquatic Ecosystems of the Atlantic Slope in the 

Mid-Atlantic States” 
James Shortle 

 
The project goal was to develop a set of indicators for coastal systems that are 
ecologically appropriate, economically reasonable, and relevant to society to further inject 
science into natural resources management decisions. The multi-objective nature of this goal 
made a multi-disciplinary approach essential to achieving the goal.  The project was one of five 
projects funded nationally by the U.S. Environmental Protection Agency Office of Research and 
Development through its Estuarine and Great Lakes (EaGLe) Indicator Research Program, part 
of EPA’s STAR Grants Program. The EaGLe Program was designed to develop a new 
generation of ecological indicators that could aid managers in determining the condition and 
diagnosing the cause of degradation in estuarine ecosystems  
 
This project was conducted by a multi-disciplinary team that included aquatic biologists, 
economists, hydrologists, political scientists, sociologists, and statisticians.  The project team, 
referred to as the Atlantic Slope Consortium (ASC), was drawn from social and natural 
scientists, and engineers from the Pennsylvania State University, the Smithsonian Environmental 
Research Center, the Virginia Institute of Marine Science, East Carolina University, the 
Environmental Law Institute, and FTN Associates, Ltd.  
 
Project results were published in both disciplinary and interdisciplinary outlets.  Some key 
themes from the research include: 
 
1. A taxonomy for classifying indicators based on the type of questions they can answer, what 
spatial and temporal scale they reflect, and the social choices they address, helps resource 
managers choose indicators that are most appropriate for their use. 
 
2. Estuarine fish and wetland bird community indicators conclusively demonstrated that both 
the amount of development in the watershed and its proximity to the estuary or wetland 
contribute to the condition of these aquatic resources. In general, the greater the amount of 
development and its proximity, the greater the degradation of aquatic resource condition. 
 
3. Strong linkages were found not only between the amount of development and proximity on 
stream and wetland condition in small watersheds, but also the patterns of land use (Figure 5). 
 
4. Socieoeconomic indicators can be combinedwith environmental indicators to show most 
communities in the Mid-Atlantic region do not have the quality of life possible, even when 
accounting for urban and rural differences  
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New Approaches to Environmental Decision Analysis and Support 
 

Mitchell J. Small 
Carnegie Mellon University 

December 2010 
 
Decision analysis is now widely taught and utilized in engineering design, infrastructure 
management, financial planning, public health, and many other fields where uncertain risks must 
be balanced against opportunities for individual, corporate, or social benefit.  While use of these 
methods continues to grow among environmental scientists and engineers, opportunities exist for 
expanding the scope of these applications; for developing new approaches better-tuned to the 
needs of environmental assessment; and for teaming with economists, behavioral scientists, and 
experts in other disciplines facing similar challenges.    
 
The following elements are considered in a standard environmental decision analysis: 
 

1. Identification of valued resources, possible outcomes, and metrics for capturing their 
value to decision makers and other participants.  Multiple attributes must usually be 
considered; these may or may not be commensurate in common terms (e.g., dollars). 

2. Identification of potential management options, including their costs and constraints; 
3. Prediction of the impact of each option on valued resources, including uncertainty in 

these estimates. 
4. Consideration of options for monitoring and research to reduce critical uncertainties.   

 
To implement these steps, a strong mix of scientific, economic, statistical and mathematical 
expertise is needed.  Even with this, however, the standard decision-analytic approach may be 
limited in its application to many environmental problems.  The standard framework is usually 
implemented for a single decision maker, (possibly) representing integrated social beliefs and 
values.  For most environmental problems, however, multiple stakeholders are interested in, are 
affected by, and have influence on, the outcome of the management decision.  Recognizing this, 
the National Research Council (1996) and others have recommended an iterative analytic-
deliberative process to build the scientific knowledge and participant consensus needed for 
environmental decision making in a democratic society.   
 
Critical research questions to support such a process include: 
 
A. How do differences in prior beliefs, valuation of outcomes, and trust in the quality and 

credibility of proposed research studies affect the likelihood that these studies will allow 
diverse and contentious stakeholders to reach posterior consensus?   

B. How might scientific studies be better designed to increases their value in supporting 
consensus building for good decisions (e.g., independent third-party oversight, stakeholder 
participation in formulating study objectives and design, etc.)? 

C. How are values, beliefs, and trust distributed across a disaggregate population of decision 
makers, such as consumers or farmers making consumption or production decisions? 

D. How might beliefs and values be affected by university curriculum and K-12 educational 
programs to increase understanding of environmental processes and ecosystem services? 
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E. How can ongoing monitoring, research, and information dissemination be used to track and 
communicate environmental-economic impacts for adaptive management? 

 
Collaborative teams of environmental engineers, economists, and other physical and social 
scientists are clearly needed to address these challenges. 
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Assessing the Net Benefits of Large-Scale Water Quality Policy Interventions 
North Carolina State University & National Bureau of Economic Research 

Roger H. von Haefen 
 

 

In North Carolina, revisions to the State Budget Manual now require government agencies to 
provide fiscal analyses that monetize the benefits and costs of their regulatory actions “to the 
maximum extent possible.”  State agencies have little experience with this task, especially with 
regard to benefits estimation.  I was recently involved in the fiscal analysis for the Falls Lake 
nutrient management strategy, a large-scale policy intervention in the rapidly growing Triangle 
region that will impose significant costs on future development as well as retrofitting 
requirements on the existing built environment to reduce nutrient loads into Falls Lake.  
Engineering studies were used to quantify the policy’s undiscounted costs which were estimated 
to be roughly $1.5 billion over 25 years.  The benefits of the policy were thought to arise from 
reduced treatment costs, enhanced recreational opportunities (the Falls Lake watershed contains 
two popular state parks that support a range of water-based recreation activities), aesthetic and 
property value benefits, and other difficult-to-quantify ecosystem services.  Using survey data 
collected through an EPA-funded project and information supplied by the Department of 
Environment and Natural Resources, my colleagues and I estimated the undiscounted 
recreational benefits associated with the policy to be on the order of $1 billion over 25 years.  
This estimate should be interpreted cautiously due to inherent uncertainties and data limitations, 
but it suggests the policy’s benefits and costs are similar in magnitude, especially if one were to 
monetize non-recreational benefits.  What it does not suggest, however, is that the policy is cost-
effective, i.e., it achieves the water quality improvements at the least cost to society.  And it does 
not suggest that the achieved level of water quality is economically efficient, i.e., it maximizes 
societal net benefits.  In principle, these questions are ones that should be addressed in future 
fiscal analyses.  But to do so would be difficult, and it most certainly would require extensive 
collaboration amongst engineers, water quality modelers, and economists.  This interdisciplinary 
team would need to identify alternative compliance strategies, their impacts on water quality, and 
their full economic costs and benefits.  By ranking options by the net benefits they achieve, one 
could ascertain the mix of policy interventions that maximize the net benefits to society.  Such 
information would prove extremely valuable to state agencies grappling with the difficult 
questions of how to set and implement water quality standards.  
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Integrating Principles from Engineering/Science and Economics/Finance  
Frank A. Ward 

New Mexico State University 
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1 Explore and evaluate the range of opportunities that could be more effectively addressed 

by the environmental engineering community with an improved understanding of 
economic and financial principles. 

 
1.1 These principles enable the engineering community to be more efficient by discarding 

programs or designs with a weak financial or economic performance. 
 
1.2 Exposure by the environmental engineering community to these principles will help them 

understand motivations of policymakers, interest groups, and the public.  
 
1.3 By knowing the policymaker’s language and criteria, engineered programs can be designed 

more efficiently. 
 
1.4 There is a wider social acceptance of the utility and value of environmentally engineered 

programs if they are designed to meet economic and financial outcomes.    
 
 
2 Identify principles and tools that would be most useful in allowing the environmental 

engineering community to take advantage of these research opportunities. 
 
2.1 Principles 
 
2.1.1 The central principle is understanding the notion of economic benefits or costs associated with 

changes in the physical or institutional environment resulting from a proposed action compared 
to base levels.  Cost benefit analysis is an important guide to the design or implementation of 
environmental programs.  

 
2.1.1.1 Economic benefit is measured as the willingness to pay for the service or the willingness to 

accept payment in place of the service.  The economic cost of an action is conceptualized and 
measured as benefits displaced (opportunity cost).  Where services of the natural environment, 
such as key ecological assets are lost as a result of an action, those costs can be difficult to 
measure.   

 
2.1.1.2 A related principle is cost effectiveness, the design that accomplishes a given social objective at 

minimum total economic cost.   An important example is the design of a program that secures 
and sustains critical ecological assets at minimum cost. 

 
2.2 Tools 
 
2.2.1 Simple project-by-project cost benefit analysis.  Costs and benefits are estimated for a small 

number of discrete proposed projects or programs.   
 
2.2.2 Integrated system simulation or optimization models.  For water programs, the best models 
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integrate hydrology, technical dimensions of water uses like crops, cities, power, flood control, 
and ecosystem services with economics and institutions.  Proposed actions are transmitted 
through the physical, biological, and institutional system, with economic impacts measured in 
costs and benefits.  

 
 
3 Develop suggestions regarding how environmental engineering and science curricula 

might be adapted to introduce students to these principles and tools. 
 
3.1 Classes and/or class projects could survey economic consequences of the actions taken to adjust 

the physical world or to adapt to changes in the physical world.  Examples of classes taught at 
most universities include watershed economics, natural resource economics, environmental 
economics, and water resource economics.  

 
3.2 Expose students to the role of private or social profitability as a guide to the design of 

environmental policies and programs.  
 
3.3 Help students develop skills that help them appreciate society’s needs, and understand how to 

measure economic productivity in terms of economic costs and benefits. 
 
 
4 Consider how economic and financial concepts can be used to highlight the intellectual 

and economic value created by the environmental engineering community, while 
increasing its influence on society’s environmental choices. 

 
4.1 Show how economic values are a universal language to communicate the performance of 

environmentally engineered programs.    
 
4.2 Look for common characteristics of environmental engineered programs that secure a high 

social acceptance versus those that have a weak acceptance.  Economic performance is a big 
part of high social acceptance. 

 
4.3 Contrast and present examples of environmental engineered outcomes that have a high versus a 

low economic value.    
 
4.4 Contrast engineering and economic performance criteria.  Present examples that show how 

highly-engineered projects sometimes produce weak economic performance.  Present other 
examples that show conditions under which modestly engineered projects can produce a strong 
economic performance. 

 
4.5 Examine role of economic versus engineering performance in social acceptance.    
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Worthiness of Complex Models for Developing Policy Solutions to H istoric Contamination 
Problems   
By T. Prabhakar Clement, Professor, Department of Civil Engineering, Auburn University.  Email:  
Clement@auburn.edu 
 
Groundwater models are routinely used for predicting the concentration levels of toxic compounds in 
contaminated aquifers.  These predictions are used in risk-assessment and epidemiological studies, which 
are often completed for developing a public-policy solution to the problem.  Typical groundwater 
modeling studies utilize a variety of computer tools with complexity levels ranging from simple analytical 
models to detailed three-dimensional, multi-phase, multi-species, reactive transport models.  There is a 
strong need to quantify the worthiness of complex environmental models for resolving practical problems 
that have limited amount of historic data.  In a recent journal article (Clement, 2011), I have reviewed a 
National Academy study (NRC, 2009) that assessed a chlorinated solvent exposure problem that occurred 
at a US Marine Corp Base in Camp Lejeune (CLJ), North Carolina. The goal of this congressionally-
mandated study was to review scientific evidences available on the association between adverse health 
effects (reported now) and groundwater contaminant exposure (that occurred 30 years back) at this marine 
base.  In Clement (2011), I have attempted to use this case study to discuss the limits (which I believe are 
set by economic constraints) of numerical models in supporting policy decisions to such historic 
environmental contamination problems.  Among other things, the lessons learned from the study are used 
to reflect upon the following important question:  how can we use economic constraints to evaluate the 
required level of model complexity for a given policy development problem. 
 The figure shown below illustrates a hypothetical conceptual relationship between investments in 
modeling studies and its value in aiding the public-policy development process. As shown in the figure, 
the initial investments made in a modeling effort can help develop a better understanding of the 
contamination scenario that can be useful for the decision-making process.  However, the return on the 

investment might quickly become marginal and the value 
of the information gained from new studies would 
approach a plateau in a nonlinear manner. More 
importantly, it is possible that larger investments (to 
develop complex models or to conduct advanced 
scientific studies) could considerably delay and 
complicate the decision-making process and even have a 
negative impact.  This is particularly true for hindcasting 
applications where higher levels of complexity could 
simply muddle the issues and make the decision-making 

process a lot more political, thus hampering the process rather than aiding it.    
 Model development is a dynamic exercise and it is difficult to complete an a priori assessment of 
model worthiness (i.e., its value related to decision making) at various investment levels for a given 
project. Therefore, the level of investment (in model complexity) needed for a problem is necessarily a 
subjective judgment that should be made dynamically, after carefully considering the information related 
to available site data, available resources (time and money), and the modeling objectives.  In Clement 
(2011) I suggested that the conceptual ideas illustrated in the figure could serve as a mental guide for 
developing such a worthiness analysis that could help evaluate the required level of model complexity. 
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