The IPAT Equation

      
      As attractive as the concept of sustainability may be as a means of framing our thoughts and goals, its definition is rather broad and difficult to work with when confronted with choices among specific courses of action. The Chapter Problem-Solving, Metrics, and Tools for Sustainability is devoted to various ways of measuring progress toward achieving sustainable goals, but here we introduce one general way to begin to apply sustainability concepts: the IPAT equation.

      
      As is the case for any equation, IPAT expresses a balance among interacting factors. It can be stated as
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      where I represents the impacts of a given course of action on the environment, P is the relevant human population for the problem at hand, A is the level of consumption per person, and T is impact per unit of consumption. Impact per unit of consumption is a general term for technology, interpreted in its broadest sense as any human-created invention, system, or organization that serves to either worsen or uncouple consumption from impact. The equation is not meant to be mathematically rigorous; rather it provides a way of organizing information for a “first-order” analysis.

      
      Suppose we wish to project future needs for maintaining global environmental quality at present day levels for the mid-twenty-first century. For this we need to have some projection of human population (P) and an idea of rates of growth in consumption (A).

      
      World Population Growth Source: U.S. Census Bureau, International Data Base, December 2010 Update
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      Figure World Population Growth suggests that global population in 2050 will grow from the current 6.8 billion to about 9.2 billion, an increase of 35%. Global GDP (Gross Domestic Product, one measure of consumption) varies from year to year but, using Figure Worldwide Growth of Gross Domestic Product as a guide, an annual growth rate of about 3.5% seems historically accurate (growth at 3.5%, when compounded for forty years, means that the global economy will be four times as large at mid-century as today).

      
      Worldwide Growth of Gross Domestic Product Source: CIA World Factbook, Graph from IndexMundi
          
            [image: graph showing the worldwide growth of gross domestic product]
          

          
        
				
      
      Thus if we wish to maintain environmental impacts (I) at their current levels (i.e. I2050 = I2010), then
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      This means that just to maintain current environmental quality in the face of growing population and levels of affluence, our technological decoupling will need to reduce impacts by about a factor of five. So, for instance, many recently adopted “climate action plans” for local regions and municipalities, such as the Chicago Climate Action Plan, typically call for a reduction in greenhouse gas emissions (admittedly just one impact measure) of eighty percent by mid-century. The means to achieve such reductions, or even whether or not they are necessary, are matters of intense debate; where one group sees expensive remedies with little demonstrable return, another sees opportunities for investment in new technologies, businesses, and employment sectors, with collateral improvements in global and national well-being.

  
  
  
Chapter Review Questions
  
				  
				
          
            What are the essential aspects of “sustainability” as defined in the Brundtland Report?

          

        

        
        
          
            Define “strong” and “weak” sustainability and give examples of each.

          

        

        
        
          
            State, in your own words, the meaning of the “IPAT” equation?

          

        

        
        
					
        		What is the “rebound” effect and how is it related to human patterns of consumption?

          

        

  
  
  
Environmental Risk Management
In this module, the following topics are covered: 1) the basic elements of the sustainability paradigm through the evolution of U.S. environmental policy, and 2) the role of risk management as modern environmental policy has been implemented.

    
    Learning Objectives
After reading this module, students should be able to

      
        	trace the basic elements of the sustainability paradigm through the evolution of U.S. environmental policy, including the National Environmental Policy Act of 1970

        	understand the role of risk management as modern environmental policy has been implemented

      

    
    
    General Definitions

      For most people, the concept of risk is intuitive and, often, experiential; for instance most people are aware of the considerably greater likelihood of suffering an injury in an automobile accident (116/100 million vehicle miles) versus suffering an injury in a commercial airplane accident (0.304/100 million airplane miles). Environmental risk can be defined as the chance of harmful effects to human health or to ecological systems resulting from exposure to any physical, chemical, or biological entity in the environment that can induce an adverse response (see Module Risk Assessment Methodology for Conventional and Alternative Sustainability Options for more detail on the science of risk assessment). Environmental risk assessment is a quantitative way of arriving at a statistical probability of an adverse action occurring. It has four main steps:

      
        	Identification of the nature and end point of the risk (e.g. death or disability from hazardous chemicals, loss of ecological diversity from habitat encroachment, impairment of ecosystem services, etc.)

        	Development of quantitative methods of analysis (perturbation-effect, dose-response)

        	Determination of the extent of exposure (i.e. fate, transport, and transformation of contaminants to an exposed population), and

        	Calculation of the risk, usually expressed as a statistical likelihood.

      

      Risk management is distinct from risk assessment, and involves the integration of risk assessment with other considerations, such as economic, social, or legal concerns, to reach decisions regarding the need for and practicability of implementing various risk reduction activities. Finally, risk communication consists of the formal and informal processes of communication among various parties who are potentially at risk from or are otherwise interested in the threatening agent/action. It matters a great deal how a given risk is communicated and perceived: do we have a measure of control, or are we subject to powerful unengaged or arbitrary forces?

    
    
    The Beginnings of Modern Risk Management 

      The beginnings of environmental risk management can be traced to the fields of public health, industrial hygiene, and sanitary engineering, which came into prominence in the latter decades of the 19th century and beginning of the 20th. The spread of disease was a particularly troublesome problem as the country continued to urbanize. For instance if you lived your life in, say, Chicago during the period 1850-1900 (a typical lifespan of the day), you had about a 1 in 100 chance of dying of cholera (and a 1 in 2000 chance of dying of typhoid), of which there were periodic epidemics spread by contaminated drinking water. Chicago's solution was to cease polluting its drinking water source (Lake Michigan) by reversing the flow of its watercourses so that they drained into the adjacent basin (the Mississippi). The widespread chlorination of municipal water after 1908 essentially eliminated waterborne outbreaks of disease in all major cities (with some notable exceptions—the outbreak of chlorine-resistant Cryptosporidium parvum in Milwaukee's drinking water in 1993 resulted in the infection of 403,000 people with 104 deaths).

      Parallel work on the effects of chemical exposure on workers (and poor working conditions in general) were pioneered by Alice Hamilton (1869-1970), who published the first treatise on toxic chemical exposure "Industrial Poisons in the United States" in 1925. Hamilton is considered the founder of the field of occupational health. In 1897 she was appointed professor of pathology at the Women's Medical School of Northwestern University, and in 1902 she accepted the position of bacteriologist at the Memorial Institute for Infectious Diseases in Chicago. Dr. Hamilton joined Jane Addams's Hull House, in Chicago, where she interacted with progressive thinkers who often gravitated there, and to the needs of the poor for whom Hull House provided services.

    
    
    Environmental Contamination and Risk

      Events during the period 1920-1950 took an unfortunate turn. Global conflicts and economic uncertainty diverted attention from environmental issues, and much of what had been learned during the previous hundred years, for example about soil conservation and sustainable forestry, ceased to influence policy, with resultant mismanagement on a wide scale (see Figures Texas Dust Storm and Clear Cutting, Louisiana, 1930).

      Texas Dust Storm. Photograph shows a dust storm approaching Stratford, TX in 1935. Source: NOAA via Wikimedia Commons
            [image: Texas Dust Storm]
          

        
      
      Clear Cutting, Louisiana, 1930. Typical cut-over longleaf pine area, on Kisatchie National Forest. Areas of this type were the first to be planted on this forest. Circa 1930s. Source: Wait, J.M. for U.S. Forest Service. U.S. Forest Service photo courtesy of the Forest History Society, Durham, N.C.
            [image: Clear Cutting, Louisiana, 1930]
          

        
      
      In the aftermath of the World War II, economic and industrial activity in the United States accelerated, and a consumer-starved populace sought and demanded large quantities of diverse goods and services. Major industrial sectors, primary metals, automotive, chemical, timber, and energy expanded considerably; however there were still few laws or regulations on waste management, and the ones that could and often were invoked (e.g. the Rivers and Harbors Act of 1899) were devised in earlier times for problems of a different nature. The Module Systems of Waste Management provides a more detailed accounting of the current framework for managing waste. Here we recount the circumstances that eventually resulted in the promulgation of environmental risk as a basis for public policy, with subsequent passage of major environmental legislation.

      Zinc Smelter. Photograph shows a local smelter in a small valley town in Pennsylvania with, essentially, uncontrolled emissions. Source: The Wire Mill, Donora, PA, taken by Bruce Dresbach in 1910. Retrieved from the Library of Congress
            [image: Zinc Smelter]
          

        
      
      If there were any doubts among American society that the capacity of the natural environment to absorb human-caused contamination with acceptably low risk was indeed infinite, these were dispelled by a series of well-publicized incidents that occurred during the period 1948-1978. Figure Zinc Smelter shows a local smelter in a small valley town in Pennsylvania with, essentially, uncontrolled emissions. During periods of atmospheric stability (an inversion), contaminants became trapped, accumulated, and caused respiratory distress so extraordinary that fifty deaths were recorded. Figure Noon in Donora illustrates the dramatically poor air quality, in the form of reduced visibility, during this episode. Such incidents were not uncommon, nor were they limited to small American towns. A well-documented similar episode occurred in London, England in 1952 with at least 4000 deaths, and 100,000 illnesses resulting.

      Noon in Donora. Photograph, dated October 29, 1948, illustrates the extremely poor air quality in the Pennsylvania town at the time. Source: NOAA
            [image: Noon in Donora]
          

        
      
      The generally poor state of air quality in the United States was initially tolerated as a necessary condition of an industrialized society. Although the risks of occupational exposure to chemicals was becoming more well known, the science of risk assessment as applied to the natural environment was in its infancy, and the notion that a polluted environment could actually cause harm was slow to be recognized, and even if true it was not clear what might be done about it. Nevertheless, people in the most contaminated areas could sense the effects of poor air quality: increased incidence of respiratory disease, watery eyes, odors, inability to enjoy being outside for more than a few minutes, and diminished visibility.

       Cuyahoga River Fire, 1969. Photograph illustrates a 1969 fire on the Cuyahoga River, one of many fires during the time period. Source: NOAA. 
            [image: Cuyahoga River Fire, 1969]
          

        
      
      Environmental degradation of the era was not limited to air quality. Emissions of contaminants to waterways and burial underground were simple and common ways to dispose of wastes. Among the most infamous episodes in pollution history were the periodic fires that floated through downtown Cleveland, Ohio on the Cuyahoga River, causing considerable damage (Figure Cuyahoga River Fire 1969), and the discovery of buried hazardous solvent drums in a neighborhood of Niagara Falls, NY in 1978, a former waste disposal location for a chemical company (Figure Love Canal).

      Love Canal. The Love Canal region of Niagara Falls, NY, 1978 showing the local grade school and neighboring houses. Source: New York State Department of Health (1981, April). Love Canal: A special report to the Governor and Legislature, p. 5.
            [image: Love Canal]
          

        
      
    
    
    Risk Management as a Basis for Environmental Policy

      Environmental scientists of the day were also alarmed by the extent and degree of damage that they were documenting. The publication of Silent Spring in 1962 by Rachel Carson (1907-1964), about the impact of the widespread and indiscriminate use of pesticides, was a watershed moment, bringing environmental concerns before a large portion of the American, and global, public. Carson, a marine biologist and conservationist who initially worked for the U.S. Bureau of Fisheries, became a full time nature writer in the 1950s. She collected scientifically documented evidence on the effects of pesticides, particularly DDT, heptachlor, and dieldrin, on humans and mammals, and the systemic disruption they caused to ecosystems. Silent Spring is credited with bringing about a ban on the use of DDT in the United States, and setting in motion a chain of events that would ultimately result in the transformation of environmental public policy from one based on the problems and attitudes that brought about nineteenth century conservation, to one based on the management of risks from chemical toxins. The U.S. Environmental Protection Agency was established in 1970, just eight years after the publication of Silent Spring. The same year Earth Day was created.

      As noted, the modules in the Chapter Modern Environmental Management contain a comprehensive treatment of the major laws and regulations that underpin the risk management approach to environmental policy. However it is worth considering one law in particular at this point, the National Environmental Policy Act of 1970 (NEPA), because it provides a legal basis for U.S. environmental policy, and lays out its terms clearly and unambiguously. NEPA established a national goal to create and maintain "conditions under which [humans] and nature can exist in productive harmony, and fulfill the social, economic and other requirements of present and future generations of Americans[emphasis added]" (NEPA, 1970). Further, NEPA saw the need for long term planning, to "fulfill the responsibilities of each generation as trustee of the environment for succeeding generations," for equity "to assure for all Americans safe, healthful, productive, and esthetically and culturally pleasing surroundings," and for economic prosperity as we "achieve a balance between population and resource use that will permit high standards of living and a wide sharing of life's amenities" (NEPA, 1970). Although the exact word "sustainable" does not appear, NEPA is in all major respects congruent with the goals of the Brundtland Report (written 17 years later, see Chapter Introduction to Sustainability: Humanity and the Environment), retains the character of American conservation, and anticipates the need to integrate environmental quality with social and economic needs.

      Every four to six years the U.S. EPA releases its Report on the Environment, a collection of data and analysis of trends on environmental quality. It is quite comprehensive; reporting on an array of measures that chart progress, or lack thereof, on human impacts on the environment and, in turn, the effects of our actions on human health. It is difficult to summarize all the information available in a concise way, however most measures of human exposure to toxic chemicals, dating in many cases back to the late 1980s, show clear downward trends, in some cases dramatically so (for example DDT in human tissues, lead in blood serum, exposure to hazardous wastes from improper disposal, exposure to toxic compounds emitted to the air). In addition, many of other indicators of environmental quality such as visibility, drinking water quality, and the biodiversity of streams, show improvement. These are success stories of the risk management approach to environmental quality. On the other hand, other measures, such as hypoxia in coastal waters, quantities of hazardous wastes generated, and greenhouse gases released are either not improving or are getting worse.
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Sustainability and Public Policy
In this module, the problem-driven nature of policy development is discussed.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	understand the problem-driven nature of policy development, from relatively local agricultural problems to regional problems often driven by industrial development to global problems associated with population-driven human consumption

      

    
    
    Complex Environmental Problems

      NEPA, both in tone and purpose, was in sharp contrast to the many environmental laws that followed in the 1970s and 1980s that defined increasingly proscriptive methods for controlling risks from chemical exposure (this is sometimes termed the "command-and-control" approach to environmental management). In many ways these laws and regulations are ill-suited to the types of environmental problems that have emerged in the past twenty years. Whereas the focus of our environmental policy has been on mitigating risk from local problems that are chemical – and media – (land, water, or air) specific, the need has arisen to address problems that are far more complex, multi-media, and are of large geographic, sometimes global, extent.

      An early example of this type of shift in the complexity of environmental problems is illustrated by the phenomenon of acidic rainfall, a regional problem that occurs in many areas across the globe. Although the chemical cause of acid rain is acidic gases (such as sulfur dioxide and nitrogen oxides) released into the atmosphere from combustion processes (such as coal burning), the problem was made considerably worse because of the approach to problem solving typical of the day for episodes such as the Donora disaster (see Figures Zinc Smelter and Noon in Donora).

      Hydrogen Ion Concentrations as pH for 1996. Figure shows the distribution in rainfall pH in the United States for the year 1996. Source: National Atmospheric Deposition Program/National Trends Network via National Park Service. 
            [image: Hydrogen Ion Concentrations as pH for 1996]
          

        
      
      In order to prevent the local accumulation of contaminants, emission stacks were made much taller, effectively relying on the diluting power of the atmosphere to disperse offending pollutants. The result was a significant increase in the acidity of rainfall downwind of major sources, with associated impacts on aquatic and forest resources. Figure Hydrogen Ion Concentrations as pH for 1996 shows this pattern for the eastern United States in 1996. A more comprehensive solution to this problem (short of replacing coal as a fuel source), has involved integrated activity on many fronts: science to understand the impacts of acid rain, technology to control the release of acidic gases, politics in the form of amendments to the Clean Air Act, social equity that defined the role of regional responsibilities in the face of such large geographic disparities, and economics to understand the total costs of acid rain and design markets to spread the costs of control. Although acidic rainfall is still an issue of concern, its impacts have been mitigated to a significant degree.

    
    
    Sustainability as a Driver of Environmental Policy

      The level of complexity illustrated by the acid rain problem can be found in a great many other environmental problems today, among them:

      
        	Hypoxic conditions in coastal regions of the world caused by excessive release of nutrients, principally dissolved nitrogen and phosphorous from artificial fertilizer applied to crops (in addition to the Gulf of Mexico and Chesapeake Bay in the United States, there are over 400 such areas worldwide),

        	Stratospheric ozone depletion caused by the release of certain classes of chlorofluorocarbon compounds used as propellants and refrigerants (with increases in the incident of skin cancers and cataracts),

        	Urbanization and sprawl, whereby the population density in urban areas, with its attendant problems (degradation of air and water quality, stormwater management, habitat destruction, infrastructure renewal, health care needs, traffic congestion, loss of leisure time, issues of social equality), continues to grow (for example eighty percent of the population of the United States, about fifty percent of global, now lives in urban regions),

        	Global climate change, and its resultant impacts (increases in temperature and storm and flooding frequency, ocean acidification, displacement of human populations, loss of biodiversity, sea-level rise), caused by the human-induced emission of greenhouse gases.

      

      Problems such as these, which require highly integrated solutions that include input from many disciplines and stakeholders, have been termed "wicked" (Batie, 2008; Kreuter, DeRosa, Howze, & Baldwin, 2004). Wicked problems have certain key characteristics: 

      
        	There is not universal agreement on what the problem is – different stakeholders define it differently.

        	There is no defined end solution, the end will be assessed as "better" or "worse."

        	The problem may change over time.

        	There is no clear stopping rule – stakeholders, political forces and resource availability will make that determination on the basis of "judgments."

        	The problem is associated with high uncertainty of both components and outcomes.

        	Values and societal goals are not necessarily shared by those defining the problem or those attempting to make the problem better.

      

      Wicked problems are not confined to environmental issues, for example the same characteristics arise for problems such as food safety, health care disparities, and terrorism, but in the context of environmental policy they create the need to reassess policy approaches and goals, laws and regulations, as well as methods and models for integrated research. 

      Table The Evolution of U.S. Environmental Policy summarizes the major attributes of U.S. environmental policy as it has evolved over the past two centuries. To most observers it would seem to be true that advances in public policy, in any realm, are driven by problems, real and perceived, that require systemic solutions. Environmental policy is no exception. Early conservationists were alarmed at the inefficiencies of human resource management and the encroachment of humans on unspoiled lands. During the 20th century many groups: scientists, economists, politicians, and ordinary citizens, became alarmed and fearful of the consequences of toxic pollutant loads to the environment that included localized effects on human health and well-being. And now, as we proceed into the 21st century, an array of complex problems that have the potential to alter substantially the structure and well-being of large segments of human societies, calls for a renewal and reassessment of our approach to environmental policy. This has, thus far, proven to be a difficult transition. Many of these complex problems have multiple causes and impacts, affect some groups of people more than others, are economically demanding, and are often not as visibly apparent to casual observers as previous impacts, nor are the benefits perceived to be commensurate with costs. Devising a regulatory strategy for such problems requires an adaptive and flexible approach that current laws do not foster.

      The Evolution of U.S. Environmental Policy Table summarizes the major attributes of U.S. environmental policy as it has evolved over the past two centuries. Source: T. Theis adapted from Fiksel, Graedel, Hecht, Rejeski, Saylor, Senge, et al. (2009). 
            
              	
              	1850-1920
              	1960-1990
              	1990-present
            

            
              	Focus
              	Conservation/sanitation
              	Media/site/problem specific
              	Complex regional/ global problems
            

            
              	Outcome
              	Land preservation/efficiency/control of disease
              	Manage anthropocentricand ecological risk
              	Global sustainable development
            

            
              	Principal Activity
              	Resource management reform/simple contaminant controls
              	Compliance/ remediation/technological emphasis on problem solving
              	Integration of social, economic, and technological information for holistic problem solving
            

            
              	Economic Focus
              	Profit maximization/public health
              	Cost minimization
              	Strategic investments/long-term societal well-being
            

            
              	Regulatory Activity
              	Low
              	Heavy
              	Adaptive and Flexible
            

            
              	Conceptual Model
              	Expansion vs. preservation
              	Command-and-control
              	Systems/life cycle approach
            

            
              	Disciplinary Approach
              	Disciplinary and insular
              	Multidisciplinary
              	Interdisciplinary/Integrative
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Public Health and Sustainability
In this module, the following topics will be covered: 1) definition of public health, 2) public health impacts of non-sustainable development, 3) key public health impacts of climate change.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	understand what public health is

        	recognize public health impacts of non-sustainable development

        	identify key public health impacts of climate change

      

    
    
    Introduction

      “Much discussion about sustainability treats the economy, livelihoods, environmental conditions, our cities and infrastructure, and social relations as if they were ends in themselves; as if they are the reason we seek sustainability. Yet their prime value is as the foundations upon which our longer-term health and survival depend.” (McMichael, 2006)

      Ecological sustainability is more than just continuing the resource flows of the natural world to sustain the economic machine, while maintaining diversity of species and ecosystems. It is also about sustaining the vast support systems for health and life which could be considered the real bottom line of sustainability. Before examining the public health effects of non-sustainable development, we should define public health.

      
        	The website for UIC’s School of Public Health says “we are passionate about improving the health and well-being of the people of Chicago, the state of Illinois, the nation and the world.”

        	The Illinois Department of Public Health is responsible for protecting the state's 12.4 million residents, as well as countless visitors, through the prevention and control of disease and injury.”

        	The New Zealand Ministry of Health defines it as “the science and art of promoting health, preventing disease and prolonging life through organized efforts of society.”

        	The National Resources Defense Council an NGO devoted to environmental action, states that public health is “the health or physical well-being of a whole community.”

      

    
    
    Impacts of Non-Sustainable Development

      We have built our communities in ways that are unsustainable from many aspects. Not only does development create urban sprawl, impact land use, and fuel consumption, we can identify negative health consequences related to these development trends.

      Obesity

        If our communities are not walkable or bikeable, we need to drive to schools, shops, parks, entertainment, play dates, etc. Thus we become more sedentary. A sedentary lifestyle increases the risk of overall mortality (2 to 3-fold), cardiovascular disease (3 to 5-fold), and some types of cancer, including colon and breast cancer. The effect of low physical fitness is comparable to that of hypertension, high cholesterol, diabetes, and even smoking (Wei et al., 1999; Blair et al., 1996).

      
      Economic Segregation

        Walkable and safe communities provide sidewalks, bike paths, proximity, and connections to community services such as grocery stores, schools, health care, parks, and entertainment. Community design that creates a segregated housing environment with only expensive housing and no affordable housing segregates people by socio-economic level (i.e. poor from non-poor) and this generally leads to segregation by race. Lack of physical activity will occur in neighborhoods with no good green and safe recreational sites. If we have poor public transit systems partly due to lack of density (only more expensive, low-density housing) and our love of the automobile, then we have increased emissions that contribute to global warming.

      
      The Olympics as an Example

        A natural experiment during the 1996 Summer Olympic Games in Atlanta shows the impact of car use on health. During the games, peak morning traffic decreased 23% and peak ozone levels decreased 28%. Asthma-related emergency room visits by children decreased 42% while children’s emergency visits for non-asthma causes did not change during same period (Friedman, Powell, Hutwagner, Graham, & Teague, 2001). We also saw that with the Beijing Olympics in 2008 where driving days were rationed, more than 300,000 heavy-emitting vehicles (about 10% of total) were barred from the city’s administrative area in order to decrease pollution for athletes and visitors This reduced the number of vehicles by about 1.9 million or 60% of the total fleet during the Olympic Games. Emissions of black carbon, carbon monoxide and ultrafine particles were reduced by 33%, 47%, and 78% respectively compared to the year before the Olympics. Frequency of respiratory illnesses during the 2008 games were found to be significantly less in certain populations compared to previous years and this was hypothesized to be related to the reduction of vehicles on the road (Wang et al., 2009; Jentes et al., 2010).

        Minutes Americans Walk per Day Source: National Household Travel Survey, 2001, USDOT
              [image: graph showing minutes per day Americans walk]
            

          
        
        Figure Minutes Americans Walk per Day shows the average time Americans spend walking a day. People who walk to and from public transit get an fair amount of physical activity related to using transit, thus the name given to modes of transit that do not involve driving: active transit. Those people who did not own a car or were not a primary driver had higher walking times (Besser & Dannenberg, 2005).

      
      Water Quality

        Increasing numbers of roads and parking lots are needed to support an automobile transportation system, which lead to increased non-point source water pollution and contamination of water supplies (road runoff of oil/gas, metals, nutrients, organic waste, to name a few) with possible impacts on human health. Increased erosion and stream siltation causes environmental damage and may affect water treatment plants and thus affect water quality.

      
      Social Capital

        On the social sustainability side, we can look at social capital otherwise defined as the “connectedness” of a group built through behaviors such as social networking and civic engagement, along with attitudes such as trust and reciprocity. Greater social capital has been associated with healthier behaviors, better self-rated health, and less negative results such as heart disease. However, social capital has been diminishing over time. Proposed causes include long commute times, observed in sprawling metropolitan areas. Past research suggests that long commute times are associated with less civic participation; Robert Putnam suggests that every ten additional minutes of commuting predicts a 10% decline in social capital (Besser, Marcus, & Frumkin, 2008). Urban sprawl is considered the reason for most long commutes.

        As of 2011, according to an article in the Chicago Tribune, Chicago commuting times are some of the worst – with Chicagoans spending 70 hours per year more on the road than they would if there was no congestion – up from 18 hours in 1982. They have an average commute time of 34 minutes each way. These drivers also use 52 more gallons per year per commuter, increasing their costs and pollution.

        Residents of sprawling counties were likely to walk less during leisure time, weigh more, and have greater prevalence of hypertension than residents of compact counties (Ewing, Schmid, Killingsworth, Zlot, & Raudenbush, 2003).

        While more compact development is found to have a negative impact on weight, we also find that individuals with low BMI are more likely to select locations with dense development. This suggests that efforts to curb sprawl, and thereby make communities more exercise-friendly, may simply attract those individuals who are predisposed to physical activity (Plantinga & Bernell, 2007).

      
    
    
    Impacts of Climate Change

      Public health studies have been conducted with regard to many of the predicted environmental effects of climate change. Thus, it is somewhat easier to examine the public health implications of this outcome of unsustainable behavior. Figure How Climate Change Affects Population describes the pathways by which climate change affects public health. To the left we see the natural and anthropogenic, or human-caused activities that affect climate change, which result in climatic conditions and variability; if we can mitigate those events we can reduce climate change. These activities first result in environmental impacts such as severe weather events, disturbed ecosystems, sea-level rise, and overall environmental degradation. Those impacts can then result in a broad range of health effects that we can adapt to, to a certain extent. These impacts are generally categorized into three areas: heat induced morbidity and mortality, infectious diseases, and impacts due to the effect of extreme weather such as flooding and drought on the social welfare of the population.

       How Climate Change Affects Population Diagram summarizing the main pathways by which climate change affects population health. Source:Created by Cindy Klein-Banai, based on McMichael et al., 2006
            [image: diagram summarizing the main pathways by which climate change affects population health]
          

        
      
      Measurement of health effects from climate change can only be very approximate. One major study, by the World Health Organization (WHO), was a quantitative assessment of some of the possible health impacts that looked at the effects of the climate changes since the mid-1970s and determined that this may have resulted in over 150,000 deaths in 2000. The study concluded that the effects will probably grow in the future (World Health Organization, 2009).

      Extreme Weather

        Climate change can influence heat-related morbidity and mortality, generally a result of the difference between temperature extremes and mean climate in a given area. Higher temperatures in the summer increase mortality. Studies on the effects of heat waves in Europe indicate that half of the excess heat during the European heat wave of 2003 was due to global warming and, by inference, about half of the excess deaths during that heat wave could be attributed to human-generated greenhouse gas emissions (see Haines, Kovats, Campbell-Lendrum, & Corvalan, 2006; Hellmann, Lesht, & Nadelhoffer, 2007; McMichael, 2006). Urban centers are more susceptible due to the urban heat island effect that produces higher temperatures in urban areas as compared to the near-by suburbs and rural areas. Lack of vegetation or evaporation, and large areas of pavement, in cities result in an “Urban Heat Island,” where urban areas are warmer than the neighboring suburban and rural areas (See Figure Sketch of an Urban Heat-Island Profile). Adaptation can help reduce mortality through greater prevention awareness and by providing more air-conditioning and cooling centers.

         Sketch of an Urban Heat-Island Profile. Source: Heat Island Group.
              [image: sketch of an Urban Heat-Island Profile]
            

          
        
        The reduction of extreme cold due to global warming, could reduce the number of deaths due to low temperatures. Unlike for heat, those deaths are usually not directly related to the cold temperature itself but rather to influenza. Also, deaths related to cold spells would increase to a lesser extent by (1.6%), while heat waves increase them by 5.7%.

        Since volatile organic compounds are precursors of ozone, and VOC emissions increase with temperature, this could lead to an increase in ozone concentrations. For fifteen cities in the eastern United States, the average number of days exceeding the health-based eight-hour ozone standard is projected to increase by 60 percent (from twelve to almost twenty days each summer) by the 2050s because of warmer temperatures (Lashof, & Patz, 2004). Pollen levels may increase with increased CO2 levels since that promotes growth and reproduction in plants. This will increase the incidence of allergic reactions. Similarly, poison ivy will grow more and be more toxic.

        Infectious diseases are influenced by climate as pathogen survival rates are strongly affected by temperature change. Diseases carried by birds, animals, and insects (vector-born) – such as malaria, dengue fever, and dengue hemorrhagic fever – may be influenced by temperature as mosquitoes are sensitive to climate conditions such as temperature humidity, solar radiation, and rainfall. For example, there has been a strengthening of the relationship between the El Nino global weather cycle and cholera outbreaks in Bangladesh. Increases in malaria in the highlands of eastern Africa may be associated with local warming trends. Temperature also affects the rate of food-born infectious disease. In general, however, it is hard to isolate the effects of climate change that affect the transmission rate and geographic boundaries of infectious disease from other social, economic, behavioral, and environmental factors (see McMichael et al., 2006). Increased precipitation from extreme rainfall events can cause flooding which, especially in cities with combined sewer and stormwater systems can be contaminated by sewage lines. This can happen when the deep tunnels  that carry stormwater in Chicago reach capacity and untreated sewage then must be released into Lake Michigan. E. Coli levels in the lake then increase, forcing beaches to close to prevent the spread of infection.

        
        Diseases are re-emerging and emerging infectious due to intensified food production in “factory” farms. Examples include mad cow disease (1980s in Britain); the encroachment on rain forest by pig farmers exposed pigs and farmers to the “Nipah” virus carried by rainforest bats that were seeking food from orchards around the pig farms – driven by deforestation and the drought of El Nino. This caused infection of pigs which lead to human illness and more than one hundred deaths. Poultry farming (avian influenza viruses) - crowded ‘factory farming’ may increase the likelihood of viral virulence when there is no selective advantage in keeping the host bird alive. Other food related issues are discussed in the next section.

      
      Food Production

        Climate change can influence regional famines because droughts and other extreme climate conditions have a direct influence on food crops and also by changing the ecology of plant pathogens (Patz et al., 2005).

        There are likely to be major effects of climate change on agricultural production and fisheries. This can be both positive and negative depending on the direct effects of temperature, precipitation, CO2, extreme climate variations, and sea-level rise. Indirect effects would have to do with changes in soil quality, incidence of plant diseases and weed and insect populations. Food spoilage will increase with more heat and humidity. Persistent drought has already reduced food production in Africa. There could be reduction in nutritional quality due to a reduction in the amount of nitrogen crops incorporate when CO2 levels increase.

        Malnutrition will be increased due to drought, particularly poorer countries. Increasing fuel costs also increase the cost of food, as we are already seeing in 2011. Again, this incremental cost rise affects those who already spend a large portion of their income on food and can contribute to malnutrition. About one-third, or 1.7 billion, of all people live in water-stressed countries and this is anticipated to increase to five billion by 2025. Frequency of diarrhea and other diseases like conjunctivitis that are associated with poor hygiene and a breakdown in sanitation may increase.

         Projection for Future EHW-like Summers in Chicago. The average number of summers per decade with mortality rates projected to equal those of the Chicago analog to the European Heat Wave of 2003. Values shown are the average of three climate models for higher (orange) and lower (yellow) emission scenarios for each decade from 1980 to 2090 Source: Hellmann et al., 2007.
              [image: bar chart of projection for future EHW-like summers in Chicago]
            

          
        
        Various studies suggest that increases in population at risk from malnutrition will increase from 40-300 million people over the current 640 million by 2060 (Rosenzweig, Parry, Fischer & Frohberg, 1993). A more recent study said that today 34% of the population is at risk and by 2050 this value would grow to 64-72%. Climate change is associated with decreased pH (acidification) of oceans due to higher CO2 levels. Over the past 200 years ocean pH has been reduced by 0.1 units and the IPCC predicts a drop of 0.14 to 0.35 units by 2100. This may affect shell-forming organisms and the species that depend on them. There could be a reduction in plankton due to the North Atlantic Gulf Stream (Pauly & Alder, 2005). With already overexploited fish populations, it will be harder for them to recover.

        Natural disasters like floods, droughts, wildfires, tsunamis, and extreme storms have resulted in millions of deaths over the past 25 years and negatively affected the lives of many more. Survivors may experience increased rates of mental health disorders such as post-traumatic stress disorder. Wildfires reduce air quality, increasing particulate matter that provokes cardiac and respiratory problems. Sea level rise will increase flooding and coastal erosion. Indirect effects of rising sea levels include the infiltration of salt water and could interfere with stormwater drainage and sewage disposal. This could force coastal communities to migrate and create refugees with health burdens such as overcrowding, homelessness, and competition for resources. Air pollution is likely to be worse with climate change. It can also lead to mobilization of dangerous chemicals from storage or remobilize chemicals that are already in the environment.

        Specific regional effects have may be more severe. Vulnerable regions include temperate zones predicted to experience disproportionate warming, areas around the Pacific and Indian Oceans that are currently subject to variability in rainfall, and large cities where they experience the urban heat island effect (Patz et al., 2005). The Chicago area is one urban area where analysis has been performed to determine the specific health effects that are projected due to climate change (see Figure Projection for Future EHW-like Summers in Chicago). Those effects are similar to the ones described above.

        An evaluation of the reductions in adverse health effects that could be achieved by 2020 in four major cities with a total population of 45 million found that GHG mitigation would “reduce particulate matter and ozone ambient concentrations by about 10% and avoid some 64,000 premature deaths, 65,000 person-chronic bronchitis case, and 37 million days of restricted activities (Cifuentes, Borja-Aburto, Gouveia, Thurston & Davis, 2001). The cities’ ozone levels are estimated to increase under predicted future climatic conditions, and this effect will be more extreme in cities that already suffer from high pollution. The estimates of elevated ozone levels could mean a 0.11% to 0.27% increase in daily total mortality (Bell et al., 2007). Therefore, reduction of GHG emissions, along with actions to mitigate the effects of climate change are likely to reduce the public health outcomes associated with climate change.

      
    
    
    Conclusions

      The implications of climate change on public health are broad and vast. The interconnectedness of all of earth’s systems and human health is an area that is a challenge to study; the climate change scenarios are variable. Public health is directly tied to the human ecosystem that we create through our unsustainable activities. The deterioration of public health on this planet is perhaps the most important consequence of our own unsustainable choices. Without good public health outcomes, human life on this planet is threatened and ultimately our actions could cause significant changes in human health, well-being and longevity. It is not the earth that is at stake - it is humanity.

    
    
    Review Questions

      
        
          Think about the major sources of energy: coal, nuclear and petroleum. Name some health effects that are associated with each, as portrayed in recent world events. Find one popular and one scientific source to support this.

        

      

      
        
      		Describe three health impacts of climate change.

        

      

      
        
      		Modern farming practices are meant to increase productivity and feed the world solving the problems of malnutrition and starvation. How would you argue for or against this?

        

      

      
        
      		What are some outcomes that could be measured to determine if a community is healthy?

        

      

    
    
    Resources

      Health Impacts of Climate Change – Society of Occupational and Environmental Health http://www.youtube.com/watch?v=aLfhwaS677c
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  Glossary

    
      	morbidity

      	The relative frequency of occurrence of a disease.
      

    

    
      	mortality

      	The number of deaths that occur at a specific time, in a specific group, or from a specific cause.
      

    

    
      	post-traumatic stress disorder

      	PTSD - a psychological condition affecting people who have suffered severe emotional trauma as a result of an experience such as combat, crime, or natural disaster, and causing sleep disturbances, flashbacks, anxiety, tiredness, and depression.
      

    

    
      	volatile organic compounds

      	(VOC - an organic compound that evaporates at a relatively low temperature and contributes to air pollution, e.g. ethylene, propylene, benzene, or styrene).
      

    

    
      	urban sprawl

      	Any environment characterized by (1) a population widely dispersed in low density residential development; (2) rigid separation of homes, shops, and workplaces; (3) a lack of distinct, thriving activity centers, such as strong downtowns or suburban town centers; and (4) a network of roads marked by large block size and poor access from one place to another) has been found to correlate with increased body mass index.
      

    

  

  
Milankovitch Cycles and the Climate of the Quaternary
In this module, we will look at the recent natural changes in Earth’s climate, and we will use these drivers to understand why the climate has changed.


      

      Learning Objectives

        After reading this module, students should be able to

        
          	describe the changing climate of the Quaternary

          	explain why Milankovitch cycles explain the variations of climate over the Quaternary, in terms of the similar periods of orbital variations and glacial cycles 

          	explain how the glacier/climate system is linked via albedo feedbacks

          	describe how sediment and ice cores provide information about past climates

          	use the mechanisms that cause stable isotope fractionation to predict the impact of changing climate on stable isotope records

        

      
      
      Introduction

        In Module Climate Processes; External and Internal Controls we saw the major drivers of the climate—the energy that comes from the Sun (insolation) and the properties of the planet that determine how long that energy stays in the Earth system (albedo, greenhouse gases). In this section, we will look at the recent natural changes in Earth's climate, and we will use these drivers to understand why the climate has changed.

        The most recent period of Earth's geologic history—spanning the last 2.6 million years—is known as the Quaternary period. This is an important period for us because it encompasses the entire period over which humans have existed—our species evolved about 200,000 years ago. We will examine how the climate has changed over this period in detail. By understanding recent natural processes of climate change, we will be able to better understand why scientists attribute the currently observed changes in global climate as being the result of human activity.

      
      
      Quaternary Climate — Information From Ice Cores

        How do we know about the Quaternary climate? After all, most of the period predates human existence, and we have only been recording the conditions of climate for a few centuries. Scientists are able to make informed judgments about the climates of the deep past by using proxy data. Proxy data is information about the climate that accumulates through natural phenomena. In the previous module, for example, we discussed how 60-million-year-old crocodile fossils have been found in North Dakota. This gives us indirect information about the climate of the period—that the climate of the region was warmer than it is today. Although not as precise as climate data recorded by instruments (such as thermometers), proxy data has been recovered from a diverse array of natural sources, and provides a surprisingly precise picture of climate change through deep time.

        One highly detailed record of past climate conditions has been recovered from the great ice sheets of Greenland and Antarctica. These ice sheets are built by snow falling on the ice surface and being covered by subsequent snowfalls. The compressed snow is transformed into ice. It is so cold in these polar locations that the ice doesn't melt even in the summers, so the ice is able to build up over hundreds of thousands of years. Because the ice at lower depths was produced by progressively earlier snowfalls, the age of the ice increases with depth, and the youngest ice is at the surface. The Antarctic ice sheet is up to three miles thick. It takes a long time to build up this much ice, and the oldest ice found at the bottom of the Antarctica ice sheet is around 800,000 years old.

        Scientists drill into these ice sheets to extract ice cores, which record information about past climates. Figure Ice Cores shows what these cores look like when they are cut open. Like tree rings, ice cores indicate years of growth. Note how the middle core (which required over a mile of drilling to extract!) has distinct layers—this is because the seasons leave an imprint in the layers of snow. Scientists can use this imprint to help calculate the age of the ice at different depths, although the task becomes more difficult the deeper the core sample, since the ice layers become more compressed. The ice records several different types of climate information: the temperature of the core, the properties of the water that make up the ice, trapped dust, and tiny entombed bubbles of ancient atmosphere.

        Ice Cores Three different sections of an ice core. The seasonal layers are most clear in the middle section (note the dark and light bands). The deepest section (bottom core) is taken from almost two miles down and is colored brown by rocky debris from the ground under the ice. Source: National Ice Core Laboratory        	
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        The water molecules that make up the ice record information about the temperature of the atmosphere. Each water molecule is made up of two hydrogen atoms and one oxygen atom (and so has the chemical name H2O). Not all oxygen atoms are the same however; some are "light" and some are "heavy". These different types of oxygen are called isotopes, which are atoms that have same number of protons but different numbers of neutrons. The heavy isotope of oxygen (oxygen-18, or 18O) is more than 10% heavier than the light isotope (oxygen-16 or 16O). This means that some water molecules weigh more than others. This is important because lighter water molecules are more easily evaporated from the ocean, and once in the atmosphere, heavier water molecules are more likely to condense and fall as precipitation. As we can see from Figure Oxygen Schematic, the water in the ice sheets is lighter (has a higher proportion of 16O relative to 18O) than the water in the oceans.

        The process of differentiation between heavy and light water molecules is temperature dependent. If the atmosphere is warm, there is more energy available to evaporate and hold the heavier 18O water in the atmosphere, so the snow that falls on the polar ice sheets is relatively higher in 18O. When the atmosphere is cold, the amount of energy is less, and so less 18O makes it to the poles to be turned into glacial ice. We can compare the amount of 18O in different parts of the ice core to see how the atmosphere's temperature—the climate—has changed.

        Oxygen Schematic Water becomes lighter as it travels toward the poles. The heavy (18O) water drops out of the atmosphere (as rain or snow) before reaching the ice sheet. This means that the snow that forms the glacial ice is lighter than the ocean water (has more 16O than 18O, compared to ocean water). Source: Robert Simmon, NASA GSFC, NASA Earth Observatory         	
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        Figure Ice Age Temperature shows what this record looks like over the last 400,000 years. The blue and green lines depict two different Antarctic ice cores (taken from ice about 350 miles apart) and the variations in oxygen isotopes are converted into temperature changes. The y-axis shows temperature change; today's climate is at zero—the dashed line. Notice that the Earth's climate has not been stable! Sometimes the temperature is higher than it is today—the blue and green lines are higher than the dashed about 120,000 years ago, for example. Most of the time the climate is much colder than today's, however: the most common value is around -6 oC (-13 oF). On average, the earth's temperature between 25,000 and 100,000 years ago was about 6 oC lower than it is today. These changes can be double-checked by measuring the temperature of the ice in the cores directly. Ice that is 30,000 years old is indeed colder than the ice made today, just as the isotope data predicts.

        Ice Age Temperature The blue and green lines depict two different Antarctic ice cores (taken from ice about 350 miles apart) and the variations in oxygen isotopes are converted into temperature changes. The red line depicts global ice volume. The y-axis shows temperature change; today's climate is at zero – the dashed line. Source: Robert A. Rohde
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        Five Myr Climate Change A comparison of the age of sediment (x-axis) and the change in temperature over time (left y-axis) as derived from oxygen isotope ratios (right y-axis). The dashed line shows today's climate. Note that the climate is cooling over the last few million years, but it is highly variable. In the last one million years the climate alternates between warm and cool conditions on a 100,000-year time scale ("100 kyr cycle"), before this it alternated on a 41,000 year cycle. Both these period lengths are the same as Milankovitch cycles. These cores suggest that today's temperature is higher than almost all of that of the Quaternary (the last 2.6 Million years).  Source: Jo Weber
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        The changes in climate recorded in ice sheets are thought to be worldwide. The same climate changes observed in Antarctica are also found in cores taken from Greenland, which is on the other side of the Earth. Isotope data can also be taken from sediment cored from the ocean floor—all over the planet—and these cores also show the same changes in climate, alternating between cold and warm. Because ocean sediment is deposited over millions of years, the sediment can give an indication of the climate across the whole of the Quaternary and beyond. Figure Five Myr Climate Change shows how temperature has changed over time (blue line), compared with today (dashed line). The temperature has, on average, gotten colder over the Quaternary, but it also appears to oscillate between warm and cold periods. We'll investigate these periodic changes in the next section of this chapter.

        As falling snow accumulates on the ground, tiny bubbles of air become trapped in it. These bubbles are retained as the snow transforms to ice, and constitute tiny samples of the ancient atmosphere that can be analyzed to find out if the changes in temperature (as recorded in the oxygen isotopes) are related to changes in the atmosphere. The temperature recorded by the isotopes in the ice is directly related to the amount of carbon dioxide in the trapped air (Figure Vostok Petit Data): the times with higher carbon dioxide are also times of high temperature.

        Falling snow also captures and entombs atmospheric dust, which is topsoil born aloft by the wind, and which is especially prevalent during droughts. The fact that more dust occurs in the ice accumulated during cold periods suggests that the glacial climate was dry, as well as cold. 

        Vostok Petit Data These graphs depict how changes in temperature—inferred from changes in isotope ratios (blue line)--correspond to changes in atmospheric carbon dioxide (green line) and dust (red line) over the last 400,000 years as recorded in an ice core extracted from Antarctica. Carbon dioxide varies directly with temperature – the warmer the climate the higher the carbon dioxide level. Atmospheric dust is highest during the coolest periods (such as 25,000 and 150,000 years ago). Source: William M. Connolley produced figure using data from the National Oceanic and Atmospheric Administration, U.S. Department of Commerce, Paleoclimatology branch, Vostok Ice Core Data.
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      Quaternary Climate — Cycling Between Glacials and Interglacials

        Ice Age Earth An artist's impression of the Earth during an ice age. Note that the Northern parts of North America and Europe (including Canada and Scandinavia) are entirely covered by ice-sheets. Source: Ittiz 
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        During the Quaternary, the Earth has cycled between glacial periods (sometimes referred to as "ice ages") and interglacial periods. The ice was at its most recent extreme around 20,000 years ago in a period known as the Last Glacial Maximum, or LGM. As we can see from the ice core record, the Quaternary climate is usually cold (see Figure Ice Age Temperature), with long periods of cold punctuated with shorter (10,000 year long, or so) periods of warmer conditions, like those we experience today. In many ways, our current climate is exceptional—for most of human existence, the Earth has been a much colder place.

        What was the Earth like during these glacial periods? Almost all the world was cold; average temperatures were around 6 oC (-13 oF) colder than today. Such conditions allow ice sheets to grow—much of North America, Asia and Europe were covered under mile-thick ice (see Figure Ice Age Earth). Because this ice was made of water that was once in the oceans, sea levels were much lower. At the LGM, sea level was about 120 meters (or about 400 feet) lower than it is today. As the seas retreated, the continents grew larger, creating land bridges that joined Asia with North America, Britain with Europe, and Australia with Papua New Guinea.

        During glacial periods the climate was also much drier, as evidenced by the increase in atmospheric dust (Figure Vostok Petit Data). The lands at and near the poles were covered with ice, and dry grasslands occupied areas where temperate forests occur today. Deserts were much larger than they are now, and tropical rainforests, having less water and less warmth, were small. The animals and plants of glacial periods were different in their distribution than they are today, as they were adapted to these different conditions. Fossils of Mastodons (Figure Knight Mastodon) have been found from all across what is now the United States, including from Florida, which currently enjoys a subtropical climate.

        Knight Mastodon An artist's impression of a Mastodon, an elephant-like mammal with a thick wooly coat. Mastodon fossils dating from past glacial periods have been found across North America—from Florida to Alaska. Source: Charles R. Knight 
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        During glacial periods humans would have been unable to occupy the globe as they do today because all landmasses experienced different climactic conditions. Some countries of the present could not exist, as they would be almost completely covered by ice. As examples, look for Canada, Iceland and The United Kingdom in Figure 800pn Northern Icesheet.

      
      
      Milankovitch Cycles

        Why has the Earth cycled through hot and cold climates throughout the Quaternary? As we learned in the previous module, the Earth's climate is controlled by several different factors—insolation, greenhouse gases, and albedo are all important. Scientists believe that changes in insolation are responsible for these climate swings, and the insolation varies as a result of wobbles in the Earth's orbit.

        The Earth's orbit is not fixed – it changes regularly over time. These periodic changes in Earth's orbit named are referred to as Milankovitch Cycles, and are illustrated in Figure Milankovitch Cycles. Changes in the Earth's orbit alter the pattern of insolation that the Earth receives. There are three principle ways in which the Earth's orbit varies:

        
          	Eccentricity (or Orbital shape). The Earth's orbit is not perfectly circular, but instead follows an ellipse. This means that the Earth is, through the course of the year, sometimes closer and sometimes further away from the Sun. Currently, the Earth is closest to the Sun in early January, and furthest from the Sun in Early July. This changes the amount of insolation by a few percent, so Northern Hemisphere seasons are slightly milder than they would be if the orbital was circular (cooler summers and warmer winters). The orbital shape changes over time: the Earth moves between being nearly circular and being mildly elliptical. There are two main periods over which this change occurs, one takes around 100,000 years (this is the time over which the orbit goes from being circular, to elliptic, and back to circular), another takes around 400,000 years.

          	Axial Tilt (or Obliquity). The Earth axis spins at an angle to its orbit around the Sun – currently this angle is 23.5 degrees (this angle is known as the axial tilt). This difference in orbit creates the seasons (as each hemisphere takes turns being tilted towards and away from the Sun over the course of the year). If the axis of spin lined up with the direction of the Earth's orbit (so that the tilt angle was zero) there would be no seasons! This axial tilt also changes over time, varying between 22.1 and 24.5 degrees. The larger the angle, the larger the temperature difference between summer and winter. It takes about 41,000 year for the axial tilt to change from one extreme to the other, and back again. Currently, the axial tilt is midway between the two extremes and is decreasing—which will make the seasons weaker (cooler summers and warmer winters) over the next 20,000 years.

          	Axial Precession. The direction of Earth's axis of rotation also changes over time relative to the stars. Currently, the North Pole points towards the star Polaris, but the axis of rotation cycles between pointing to that star and the star Vega. This impacts the Earth's climate as it determines when the seasons occur in Earth's orbit. When the axis is pointing at Vega, the Northern Hemisphere's peak summer is in January, not July. If this were true today, it would mean that the Northern Hemisphere would experience more extreme seasons, because January is when the Earth is closest to the Sun (as discussed above in eccentricity). This cycle takes around 20,000 years to complete.

        

        Milankovitch Cycles Illustration of the three variables in Earth's orbit, with periods of variation marked. Source: COMET® at the University Corporation for Atmospheric Research (UCAR) pursuant to a Cooperative Agreements with the National Oceanic and Atmospheric Administration, U.S. Department of Commerce. ©1997-2009 University Corporation for Atmospheric Research. All Rights Reserved.  
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        The three cycles described above have different periods, all of which are long by human standards: 20,000, 40,000, 100,000 and 400,000 years. If we look at the temperature data from ice and sediment cores, we see that these periods are reflected in Earth's climate. In the last million or so years, the 100,000-year eccentricity in the orbit has determined the timing of glaciations, and before that the 40,000-year axial tilt was dominant (Figure Five Myr Climate Change). These cycles have been important for a long time; geologists have even found evidence of these periods in rocks that are hundreds of millions of years old.

        But how do the Milankovitch Cycles change our climate? These orbital cycles do not have much impact on the total insolation the Earth receives: they change only the timing of that insolation. Since the total insolation does not change, these orbital variations have the power to make the Earth's seasons stronger or weaker, but the average annual temperature should stay the same. The best explanation for long term changes in average annual temperature is that the Milankovitch cycles initiate a positive feedback that amplifies the small change in insolation.

      
      
      Insolation and the Albedo Feedback

        Today, the Earth's orbit is not very eccentric (it is almost circular), but at the beginning of each of the recent ice age periods, the orbit was much more elliptical. This meant that the Earth was further away from the sun during the northern hemisphere summers, reducing the total insolation. Lower insolation meant that the summer months were milder than they would otherwise be, with cooler temperatures. Summer temperatures were also lower when the Earth's axial tilt was smaller, so the two different orbital parameters could reinforce one another's effects, in this case producing especially mild summers.

        It is thought that these mild northern summers produced an albedo feedback that made the whole planet slip into an ice age. The northern hemisphere has continents near the poles—Europe, Asia, and North America. Today, these continents have largely temperate climates. During the winter, snow falls across much of the land (see Figure Surface of the Earth in February with Cloud Cover Removed in the previous module) only to melt during the summer months. If the summers are not hot enough to melt all the snow and ice, glaciers can advance, covering more of the land. Because ice has a high albedo, more sunlight is reflected than before, and the Earth is made cooler. This creates a positive feedback, as the cooler conditions allow the ice to advance further—which, in turn, increases the albedo and cools the Earth! Eventually, a large proportion of the northern continents became covered in ice (Figure 800pn Northern Icesheet).

        800pn Northern Icesheet Glacial coverage (light blue) of the northern hemisphere during the ice ages. Source: Hannes Grobe
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        This positive feedback process works in the other direction, as well. The interglacial periods are ushered in when the orbital parameters create summers that are unusually warm, which melts some of the ice. When the ice sheets shrink, the Earth's albedo decreases, which further warms the system. The giant northern ice sheets shriveled up in a few thousand years as warm summers and decreasing albedo worked together.

        These cycles of alternating cooling and warming are also related to changes in the amount of greenhouse gases in the atmosphere. As we observed in Figure Vostok Petit Data, the climate contains higher levels of carbon dioxide during interglacial periods. Although this appears to make sense—carbon dioxide is a greenhouse gas, and so should produce warmer climates—it is also a puzzle, because it is not clear how changes in Milankovitch cycles lead to higher levels of carbon dioxide in the atmosphere. It is clear that these changes in carbon dioxide are important in making the change in temperature between interglacial and glacial periods so extreme. Several different hypotheses have been proposed to explain why glacial periods produce lower levels of carbon dioxide (it may be related to how the physical changes influence the Earth's ecosystems ability to absorb carbon dioxide: perhaps lower sea levels increase the nutrient supply in the ocean, or the drop in sea level destroys coral reefs, or iron-rich dust from new deserts fertilizes the oceans) but further work on this question remains to be done.

        It is a concern for all of us that there are gaps in our understanding of how the feedbacks between insolation, albedo and greenhouse gases operate, as it makes it hard to predict what the consequences of any changes in the climate system might lead to. The current level of atmospheric carbon dioxide is unprecedented in human experience; it is at the highest level ever recorded in the Quaternary. Will the current increase in greenhouse gases lead to a positive feedback, warming the Earth even more?

      
      
      Review Questions

        
          	
            In the text, we discuss how polar ice has a smaller 18O to 16O ratio (that is, it has proportionally less heavy isotope water) than ocean water does. Hydrogen also has isotopes, the two most common being hydrogen-1 (1H) and hydrogen-2 (2H, also known as deuterium). Water is made up of both hydrogen and oxygen, and scientists analyze both elements when examining ice cores. Do you predict that polar ice sheets would have a higher ratio or a lower ratio of 1H to 2H than ocean water? Will colder global temperatures increase or decrease the amount of 2H in polar ice?

          

        

        
          	
            In the text, we discuss how polar ice has a smaller 18O to 16O ratio (that is, it has proportionally less heavy-isotope water) when the climate is cooler. We also discuss how changes in the ratio of 18O to 16O ratio in sediment cores can also be used to determine the climate's average temperature. In ocean sediments, the ratio of 18O to 16O increases when the climate is cooler (that is, it has proportionally more heavy isotope water). Explain why isotope ratios in ocean sediment have the opposite reaction to those in polar ice.

          

        

        
          	
            There are three different ways in which the Earth's orbit changes through time. What combination of orbital parameters would be most likely to start an ice age? (Hint: Ice ages require cool northern summers.) 

          

        

      
      
      Resources
Do you want to know more about how ice cores are extracted and analyzed? NASA's Earth Observatory has details about the practical issues of drilling ice cores (deep ice needs to "relax" for as long as a year at the surface before being cut open – or it can shatter!) and how chemical data is interpreted. Go to http://earthobservatory.nasa.gov/Features/Paleoclimatology_IceCores/ for an in-depth article with great links.

      

  

  Glossary

    
      	axial precession

      	The movement in the axis of rotation, which change in the direction of Earth's axis of rotation relative to the stars.
      

    

    
      	axial tilt

      	The angle between a planet's axis of rotation and the line perpendicular to the plane in which it orbits. The Earth's current axial tilt is 23.5 degrees.
      

    

    
      	eccentricity

      	A measure of how much an ellipse departs from circularity.
      

    

    
      	glacial period

      	A long period of time in which ice -sheets and glaciers are advanced in their extent.
      

    

    
      	ice sheets

      	Glaciers big enough to cover a continent. Currently, ice sheets are found in Antarctica and Greenland, but during glacial periods, ice sheets have covered other land masses, including North America.
      

    

    
      	interglacial period

      	The warm periods of the Quaternary in which glaciers and ice-sheets retreat. These occur between the longer glacial periods. 
      

    

    
      	isotopes

      	Atoms that have same number of protons but different numbers of neutrons. This means that they are the same element (e.g. oxygen), have the same chemical properties, but different masses.
      

    

    
      	last glacial maximum

      	The time at which ice sheets were at their greatest extent during the latest glacial period.
      

    

    
      	milankovitch cycles

      	Periodic variations in the Earth's orbit that influence its climate. These cycles are named after Milutin Milankovitch, a mathematician who quantified the theory.
      

    

    
      	quaternary period

      	The most recent geological period, spanning the time from 2.6 million years ago to today.
      

    

    
      	obliquity

      	See Axial Tilt.
      

    

    
      	proxy data 

      	Information about the climate that accumulates through natural phenomena.
      

    

  

  
Biosphere – Chapter Introduction
In this module, the Chapter Biosphere is introduced.

      
      Introduction

        Humanity and the natural world are inextricably linked. A growing appreciation for the importance of this fact led to the formation and publication of the Millennium Ecosystem Assessment by the United Nations in 2005. It defines key concepts necessary for understanding how sustainable development can be achieved. In the terms of the Assessment, an ecosystem is a dynamic complex of plant, animal, and microorganism communities and the nonliving environment interacting as a functional unit, while ecosystem services are “the benefits people obtain from ecosystems.” Ecosystem services are critical to human well-being and sufficiently diverse and numerous to justify classification into four major categories (see Figure Ecosystem Services). Provisioning ecosystem services are actively harvested by us from the natural world to meet our resource needs, e.g. food, water, timber, and fiber. Regulating ecosystem services are processes in the Earth system that control key physical and biological elements of our environment, e.g. climate regulation, flood regulation, disease regulation, water purification. Cultural ecosystem services reflect the aesthetic and spiritual values we place on nature, as well as the educational and recreational activities dependent on ecosystems. Finally, supporting ecosystem services are the biogeochemical cycles, as well as biological and physical processes that drive ecosystem function, e.g. soil formation, nutrient cycling, and photosynthesis. 

        Ecosystem Services. Figure shows the linkages between ecosystem services and human well-being. Source: Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-being: Synthesis. Island Press, Washington, DC. 
              [image: Ecosystem Services]
            

          
        
        We benefit from the services associated with both pristine, natural ecosystems, such as tropical rain forests or arctic tundra, and highly managed ecosystems, such as crop fields or urban landscapes. In all cases, ecosystems contribute to human well-being by influencing the attainability of basic material needs (e.g. food and shelter), health (e.g. clean air and water), good social relations and security (i.e. sufficient resources to avoid conflict, tolerate natural and man-made disasters, provide for children, and maintain social cohesion), as well as freedom of choice and action (an inherent component of the other elements of well-being is the right to live as one chooses). Linkages between some ecosystem services and human well-being vary in strength depending on socio-economic status (see Figure Ecosystem Services). For example, many people in developed countries can always afford to buy imported food without dependence on the yields of locally grown crops, thereby avoiding shortages when yields are low because of bad weather. However, in other cases our ability to control the impact of losing an ecosystem service on human well-being is limited. For example, despite major engineering efforts flooding still causes considerable human and economic damage in developed countries.

        The challenge of sustainable development stems from the need to benefit from and manage ecosystem services without causing damage to the ecosystems and Earth system that will reduce their value in the longer term. People have long recognized that some ways of using natural resources are unsustainable, especially where ecosystems are rapidly exploited to the maximum extent possible and further access to the ecosystem services can be achieved only by moving on to previously unexploited areas, as in the case of slash and burn agriculture. Only more recently have we come to appreciate that human activity is altering global-scale phenomena, such as climate regulation, and this understanding raises a host of difficult questions. That is because the benefit of an ecosystem service may be realized by people in one locale, while the costs (in the form of negative environmental consequences) are imposed on people who live elsewhere, and who may be less equipped to withstand them. 

        The following sections discuss: (1) the natural biogeochemical cycling of carbon, water and nitrogen, the ecosystem services we derive from these biogeochemical cycles and human activities that are disturbing them; (2) species extinctions and ecosystem changes being caused by human activity; and (3) soil, how it is formed, its value to society, and practices that diminish or degrade it.

      
  
  Glossary

    
      	Cultural Ecosystem Services

      	The aesthetic and spiritual values we place on nature as well as the educational and recreational activities dependent on ecosystems.
      

    

    
      	Ecosystem

      	A dynamic complex of plant, animal, and microorganism communities and the nonliving environment interacting as a functional unit.
      

    

    
      	Ecosystem Services

      	The benefits people obtain from ecosystems.
      

    

    
      	Provisioning Ecosystem Services

      	Aspects of the natural world used by us to meet our resource needs, e.g. food, water, timber, and fiber.
      

    

    
      	Regulating Ecosystem Services

      	Processes in the Earth system that control key physical and biological elements of our environment, e.g. climate regulation, flood regulation, disease regulation, water purification.
      

    

    
      	Supporting Ecosystem Services

      	The biogeochemical cycles, as well as biological and physical processes that drive ecosystem function, e.g. soil formation, nutrient cycling, and photosynthesis. 
      

    

  

  
Case Study: Marine Fisheries
In this module,the state of marine fisheries and Individual tradable quotas (ITQ) are described.

      
      Fisheries are classic common-pool resources. The details of the legal institutions that govern access to fisheries vary around the globe. However, the physical nature of marine fisheries makes them prone to overexploitation. Anyone with a boat and some gear can enter the ocean. One boat’s catch reduces the fish available to all the other boats and reduces the stock available to reproduce and sustain the stock available in the following year. Economic theory predicts that the market failure associated with open access to a fishery will yield socially excessive levels of entry into the fishery (too many boats) and annual catch (too many fish caught) and inefficiently low stocks of fish (Beddington, Agnew, & Clark, 2007). 

      
      Source: National Oceanic and Atmospheric Administration
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      Unfortunately, the state of fisheries around the globe seems to indicate that the predictions of that theory are being borne out. Bluefin tuna are in danger of extinction. Stocks of fish in once-abundant fisheries such as North Atlantic cod and Mediterranean swordfish have been depleted to commercial (and sometimes biological) exhaustion (Montaigne, 2007). Scientists have documented widespread collapse of fish stocks and associated loss of marine biodiversity from overfishing; this devastates the ability of coastal and open-ocean ecosystems to provide a wide range of ecosystem services such as food provisioning, water filtration, and detoxification (Worm et al., 2006). Scholars have documented isolated cases such as the “lobster gangs” of coastal Maine where communal informal management prevented overexploitation of the resource (Acheson, 1988), but such cases are the exception rather than the rule.

      
      Early efforts to control overfishing used several kinds of regulations on quotas, fishing effort, and gear. For example, fishing boats are forbidden in some places from using conventional longlines because that gear yields high levels of bycatch and kills endangered leatherback turtles. Some forms of fishery management limit the number of fish that can be caught in an entire fishery. Under a total allowable catch (TAC) system, fishers can fish when and how they want, but once the quota for the fishery has been met, fishing must stop until the next season. Unfortunately, TAC policies do not solve the underlying problem that fishermen compete for the fish, and often yield perverse incentives and undesirable outcomes such as overcapitalization of the industry (Beddington, Agnew, & Clark, 2007) and races between fishing boat crews to catch fish before the quota is reached. In the well-known case of the Alaskan halibut fishery, the race became so extreme that the fishing season was reduced to a single 24-hour mad dash; given that fish are perishable, this temporal clumping of the catch is not a desirable outcome.

      
      Marine Fisheries: Fishing Boats Alaskan waters have been fished by people for thousands of years, but they are under pressure from modern fishing technologies and large-scale extraction. Source: National Oceanic and Atmospheric Administration
            [image: a photograph of fishing boats]
          

          
        
      
      Resource economists developed the idea of a tradable permit scheme to help manage fisheries. Individual tradable quota (ITQ) schemes are cap-and-trade policies for fish, where total catch is limited but fishers in the fishery are given permits that guarantee them a right to a share of that catch. Players in the fishery can sell their quota shares to each other (helping the catch to flow voluntarily to the most efficient boats in the industry) and there is no incentive for captains to buy excessively large boats or fish too rapidly to beat the other boats to the catch. ITQ policies have rationalized the Alaskan halibut fishery completely: the fish stock is thriving, overcapitalization is gone, and the fish catch is spread out over time (Levy, 2010). ITQs have also been implemented in the fisheries of New Zealand, yielding large improvements in the biological status of the stocks (Annala, 1996). There is some general evidence that ITQ systems have been relatively successful in improving fishery outcomes (Costello, Gaines, & Lynham et al. 2008), though other research implies that evidence of the superiority of the ITQ approach is more mixed (Beddington 2007) Scholars and fishery managers continue to work to identify the details of ITQ management that make such systems work most effectively, and to identify what needs to be done to promote more widespread adoption of good fishery management policy worldwide.
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Solutions: Property Rights, Regulations, and Incentive Policies
In this module, the following topics will be covered: 1) defined property rights, 2) types of command and control regulations, and 3) incentive policies.

    
    Learning Objectives

      After reading this module, students should be able to

      	know why having clearly defined property rights might improve environmental outcomes and be aware of the limitations of that approach

        	define several different types of command and control regulations, and understand their comparative advantages

        	know what incentive policies (taxes and tradable permits) are, what they do, and what their strengths and weaknesses are

      

    
    
    Introduction

      Governments have implemented many policies to solve problems with environmental quality and natural resource depletion. Every policy is unique and deserves detailed individual analysis in the policymaking process—the devil is always in the details. However, economists have developed a taxonomy of policy types. This taxonomy helps us to understand general principles about how policies of different types are likely to perform and under which circumstances they are likely to work best. Policies are broadly characterized as either command-and-control or incentive policies. Command and control includes several types of standards. Incentive policies include taxes, tradable permits, and liability.

    
    
    Property Rights

      In 1960, Ronald Coase wrote the pioneering article "The Problem of Social Cost" in which he put forth ideas about externalities that have come to be known as the Coase theorem (Coase, 1960). The basic idea of the Coase theorem is that if property rights over a resource are well specified, and if the parties with an interest in that resource can bargain freely, then the parties will negotiate an outcome that is efficient regardless of who has the rights over the resource. The initial allocation of rights will not affect the efficiency of the outcome, but it will affect the distribution of wealth between the parties because the party with the property rights can extract payment from the other parties as part of the agreement.

      To bring this abstract idea to life, we will draw on the classic example employed by generations of economists to think about the Coase theorem. Suppose a farmer and a rancher live next door to each other. There is land between them on which the farmer wants to plant crops, but the rancher's cows keep eating the crops. The farmer would like to have no cows on the land, and the rancher would like the farmer to stop planting crops so the cows could eat as much grass as they like. The efficient outcome is where the marginal benefit of a cow to the rancher is just equal to the marginal cost to the farmer of that cow's grazing. If the farmer is given property rights over the land, the rancher will have an incentive to pay the farmer to allow the efficient number of cows rather than zero; if the rancher has the rights, then the farmer will have to pay the rancher to limit the herd to just the efficient size. Either way they have incentives to negotiate to the efficient outcome because otherwise both of them could be made better off.

      The Coase theorem is invoked by some scholars and policy analysts to argue that government policy is not needed to correct problems of externalities; all you need is property rights, and private negotiations will take care of the rest. However, Coase himself recognized in his writing that often the real world does not have the frictionless perfect negotiation on which the conclusions of the theorem rest. For example, there are transaction costs in bargaining, and those transaction costs can be prohibitively large when many people are involved, as in the case of air pollution from a factory. Furthermore, perfect bargaining requires perfect information. People often are unaware of the threats posed to their health by air and water pollution, and thus do not know what kind of bargaining would actually be in their own best interests.

      Despite these limitations, there is a move afoot to use property right development to effect environmental improvement and improve natural resource stewardship, particularly in developing countries. In parts of Africa, new systems have given villages property rights over wildlife on their lands, yielding stronger incentives to manage wildlife well and demonstrably increasing wildlife populations. In South America, land-tenure reform is promoted as a way to reduce deforestation.

    
    
    Command and Control Regulations

      Most environmental policy in the United States is much more rigid and controlling than property-rights reform. Our policies for things like clean air and water, toxic waste cleanup, and endangered species protection have largely been composed of rigid rules and regulations. Under such policies, people are given strict and specific rules about things they must or must not do regarding some facet of pollution control or natural resource use, and then a government agency enforces the rules. Here we discuss and explore examples of a few kinds of such "command-and-control" regulations.

      Ambient Standard

        Some policies have targets for the quality of some element of the environment that results from human behavior and natural processes. An ambient standard establishes a level of environmental quality that must be met. The Clean Air Act directs the U.S. Environmental Protection Agency (EPA) to establish National Ambient Air Quality Standards (NAAQSs) for a range of air pollutants such as ozone and fine particles. The Clean Water Act directs state offices of the EPA to set ambient water quality standards for rivers and streams in their boundaries. In practice, however, such standards are binding only on state regulators. State EPA offices are responsible for developing plans to ensure that air and surface water bodies meet these ambient quality standards, but they cannot do the clean up on their own. They need to use a different set of tools to induce private agents to actually reduce or clean up pollution such that the ambient standards can be met.

        Some ambient standards (such as the NAAQSs) have provoked criticism from economists for being uniform across space. Every county in the country has to meet the same air quality goals, even though the efficient levels of air quality might vary from one county to the next with variation in the marginal benefits and marginal costs of cleaning the air. However, uniform ambient standards grant all people in the U.S. the same access to clean air—a goal that has powerful appeal on the grounds of equity. 

      
      Individual Standards

        First, we discuss a kind of policy applied to individual people or companies called a technology standard. Pollution and resource degradation result from a combination of human activity and the characteristics of the technology that humans employ in that activity. Behavior can be difficult to monitor and control. Hence, lawmakers have often drafted rules to control our tools rather than our behaviors. For example, automakers are required to install catalytic converters on new automobiles so that cars have lower pollution rates, and people in some parts of the country must use low-flow showerheads and water-efficient toilets to try to reduce water usage.

        Technology standards have the great advantage of being easy to monitor and enforce; it is easy for a regulator to check what pollution controls are in the design of a car. Under some circumstances technology standards can reduce pollution and the rate of natural resource destruction, but they have several serious limitations. First, they provide no incentives for people to alter elements of their behavior other than technology choice. Cars may have to have catalytic converters to reduce emissions per mile, but people are given no reason to reduce the number of miles they drive. Indeed, these policies can sometimes have perverse effects on behavior. Early generations of water-efficient toilets performed very poorly; they used fewer gallons of water per flush, but people found themselves flushing multiple times in order to get waste down the pipes. Thus, these standards are neither always efficient nor cost effective. Second, technology standards are the worst policy in the toolkit for promoting technological innovation. Firms are actively forbidden from using any technology other than the one specified in the standards. Automakers might think of a better and cheaper way to reduce air pollution from cars, but the standard says they have to use catalytic converters.

        A second type of policy applied to individual agents is called a performance standard. Performance standards set strict limits on an outcome of human activity. For example, in order to meet the NAAQSs, state EPA offices set emission standards for air pollution sources in their states. Those standards limit the amount of pollution a factory or power plant can release into the air, though each source can control its pollution in any way it sees fit. The limits on pollution are the same for all sources of a given type (e.g., power plant, cement factory, etc.). Performance standards are also used in natural resource regulation. For example, because stormwater runoff causes flooding and harms aquatic habitat, the city of Chicago requires all new development to be designed handle the first inch of rainfall in a storm onsite before runoff begins.

        To enforce a performance standard the regulator must be able to observe the outcome of the agents' activities (e.g. measure the pollution, estimate the runoff). If that is possible, these policies have some advantages over technology standards. Performance standards do give people and firms some incentive to innovate and find cheaper ways to reduce pollution because they are free to use any technology they like to meet the stated requirements. Performance standards are also more efficient because they give people and firms incentives to change multiple things about their activity to reduce the total cost of pollution abatement; a power plant can reduce sulfur dioxide emissions by some combination of installing scrubber technology, switching to low-sulfur coal, and reducing total energy generation. 

        Performance standards also have some drawbacks and limitations, however. It is difficult for a regulator to figure out the cost effective allocation of total pollution reduction between sources and then set different performance standards for each source to reach that cost effective allocation. Hence, performance standards tend to be uniform across individual pollution sources, and so pollution reduction is not done in the cheapest way possible for the industry and society overall. This problem is particularly severe where there is great variation among sources in their abatement costs, and thus the cost-effective allocation of cleanup among sources is far from uniform.

      
    
    
    Incentive Policies

      Other approaches to environmental policy give firms and individuals incentives to change their behavior rather than mandating specific changes. These incentive policies try to make use of market forces for what they do best—allocating resources cost-effectively within an economy—while correcting the market failures associated with externalities, public goods, and common pool resources.

      Tax/Subsidy

        Environmental taxes are based on a simple premise: if someone is not bearing the full social costs of their actions, then we should charge them an externality tax per unit of harmful activity (e.g. ton of pollution, gallon of stormwater runoff) that is equal to the marginal cost that is not borne by the individual. In this way, that person must internalize the externality, and will have the incentive to choose a level of activity that is socially optimal. Thus, if we think the social marginal cost of ton of carbon dioxide (because of its contribution to climate change) is $20, then we could charge a tax of $20 per ton of carbon dioxide emitted. The easiest way to do this would be to have a tax on fossil fuels according to the amount of carbon dioxide that will be emitted when they are burned. 

        If a price is placed on carbon dioxide, all agents would have an incentive to reduce their carbon dioxide emissions to the point where the cost to them of reducing one more unit (their marginal abatement cost) is equal to the per unit tax. Therefore, several good things happen. All carbon dioxide sources are abating to the same marginal abatement cost, so the total abatement is accomplished in the most cost-effective way possible. Furthermore, total emissions in the economy overall will go down to the socially efficient level. Firms and individuals have very broad incentives to change things to reduce carbon dioxide emissions—reduce output and consumption, increase energy efficiency, switch to low carbon fuels—and strong incentives to figure out how to innovate so those changes are less costly. Finally, the government could use the revenue it collects from the tax to correct any inequities in the distribution of the program's cost among people in the economy or to reduce other taxes on things like income. 

        While taxes on externality-generating activities have many good features, they also have several drawbacks and limitations. First, while an externality tax can yield the efficient outcome (where costs and benefits are balanced for the economy as a whole), that only happens if policy makers know enough about the value of the externality to set the tax at the right level. If the tax is too low, we will have too much of the harmful activity; if the tax is too high, the activity will be excessively suppressed.

        Second, even if we are able to design a perfect externality tax in theory, such a policy can be difficult to enforce. The enforcement agency needs to be able to measure the total quantity of the thing being taxed. In some cases that is easy—in the case of carbon dioxide for example, the particular fixed link between carbon dioxide emissions and quantities of fossil fuels burned means that through the easy task of measuring fossil fuel consumption we can measure the vast majority of carbon dioxide emissions. However, many externality-causing activities or materials are difficult to measure in total. Nitrogen pollution flows into streams as a result of fertilizer applications on suburban lawns, but it is impossible actually to measure the total flow of nitrogen from a single lawn over the course of a year so that one could tax the homeowner for that flow.

        Third, externality taxes face strong political opposition from companies and individuals who don't want to pay the tax. Even if the government uses the tax revenues to do good things or to reduce other tax rates, the group that disproportionately pays the tax has an incentive to lobby heavily against such a policy. This phenomenon is at least partly responsible for the fact that there are no examples of pollution taxes in the U.S. Instead, U.S. policy makers have implemented mirror-image subsidy policies, giving subsidies for activities that reduce negative externalities rather than taxing activities that cause those externalities. Environmental policy in the case of U.S. agriculture is a prime example of this, with programs that pay farmers to take lands out of production or to adopt environmentally friendly farming practices. A subsidy is equivalent to the mirror-image tax in most ways. However, a subsidy tends to make the relevant industry more profitable (in contrast to a tax, which reduces profits), which in turn can stimulate greater output and have a slight perverse effect on total pollution or environmental degradation; degradation per unit output might go down, but total output goes up.

      
      Tradable Permits

        Another major type of incentive policy is a tradable permits scheme. Tradable permits are actually very similar to externality taxes, but they can have important differences. These policies are colloquially known as "cap and trade". If we know the efficient amount of the activity to have (e.g., number of tons of pollution, amount of timber to be logged) the policy maker can set a cap on the total amount of the activity equal to the efficient amount. Permits are created such that each permit grants the holder permission for one unit of the activity. The government distributes these permits to the affected individuals or firms, and gives them permission to sell (trade) them to one another. In order to be in compliance with the policy (and avoid punishment, such as heavy fines) all agents must hold enough permits to cover their total activity for the time period. The government doesn't set a price for the activity in question, but the permit market yields a price for the permits that gives all the market participants strong incentives to reduce their externality-generating activities, to make cost-effective trades with other participants, and to innovate to find cheaper ways to be in compliance. Tradable permit policies are similar to externality taxes in terms of efficiency, cost-effectiveness, and incentives to innovate. 

        Tradable permit policies have been used in several environmental and natural resource policies. The U.S. used tradable permits (where the annual cap declined to zero over a fixed number of years) in two separate policy applications to reduce the total cost to society of (a) phasing out the use of lead in gasoline and (b) eliminating production of ozone-depleting chlorofluorocarbons. The Clean Air Act amendments of 1990 put in place a nationwide tradable permit program for emissions of acid-rain precursor sulfur dioxide from electric power plants. The European Union used a tradable permit market as part of its policy to reduce carbon dioxide emissions under the Kyoto protocol. Individual tradable quotas for fish in fisheries of Alaska and New Zealand have been used to rationalize fishing activity and keep total catches down to efficient and sustainable levels (see Case Study: Marine Fisheries).

        Tradable permits have been adopted more widely than externality taxes. Two factors may contribute to that difference. First, tradable permit policies can have different distributional effects from taxes depending on how the permits are given out. If the government auctions the permits to participants in a competitive marketplace, then the tradable permit scheme is the same as the tax; the industry pays the government an amount equal to the number of permits multiplied by the permit price. However, policy makers more commonly design policies where the permits are initially given for free to participants in the market, and then participants sell the permits to each other. This eliminates the transfer of wealth from the regulated sector (the electric utilities, the fishing boats, etc.) to the government, a feature that has been popular with industry. Second, taxes and tradable permits behave differently in the face of uncertainty. A tax policy fixes the marginal cost to the industry, but might yield more or less of the harmful activity than expected if market conditions fluctuate. A cap and trade program fixes the total amount of the harmful activity, but can yield costs to industry that are wildly variable. Environmentalists have liked the outcome certainty of tradable permits.

      
      Liability

        A third type of environmental policy was not designed by economists, but still functions to give agents incentives to take efficient actions to reduce environmental degradation: liability. Liability provisions can make people or firms pay for the damages caused by their actions. If the expected payment is equal to the total externality cost, then liability makes the agent internalize the externality and take efficient precautions to avoid harming the environment.

        Two kinds of liability exist in the U.S.: statutory and common law. Common law derives from a long tradition of legal history in the U.S.—people have sued companies for damages from pollution under tort law under doctrines such as nuisance, negligence, or trespass. This approach has been highly problematic for a number of reasons. For example, tort law places a high burden of proof on the plaintiff to show that damages resulted directly from actions taken by the defendant. Plaintiffs have often struggled with that burden because pollution problems are often caused by many sources, and the harm caused by pollution can display large lags in space and time. If the defendant expects with high probability not to be held responsible by the courts, then liability does not function effectively to make agents internalize the externality costs of their actions.
Frustration with common law has led to several strong statutory liability laws in the U.S. which make explicit provisions for holding firms liable for damages from pollution with much more manageable burdens of proof. The Oil Pollution Act of 1990 holds companies like Exxon and British Petroleum strictly liable for the damages caused by oil spills from accidents such as the Valdez grounding in Prince William Sound or the Deepwater Horizon explosion in the Gulf of Mexico. Under a rule of strict liability, a party is liable for harm if the harm occurred as a result of their actions regardless of the presence (or absence) of negligence or intent. The Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA, or "Superfund") holds companies strictly liable for damages from toxic waste "Superfund" sites.

        These laws have surely increased the extent to which oil and chemical companies take precautions to avoid spills and other releases of hazardous materials into the environment. However, enforcement of these provisions is very costly. The legal proceedings for a big case like Deepwater Horizon entail court, lawyer, and expert witness activity (and high fees) for many years. The transaction costs are so burdensome to society that liability may not be a viable approach for all environmental problems.

      
				
    
    Review questions

      
        
          What are some of the strengths and weaknesses of command and control regulation? When would these be the best policy tool to use?

        

      

      
        
          What are some of the strengths and weaknesses of incentive policies? When would these be the best policy tool to use?

        

      

      
        
          Did Coase think government policy was not necessary to solve externality problems? Briefly explain.

        

      

      
        
          How do liability laws function as incentive policies? What are some of their limitations?
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  Glossary

    
      	ambient standard

      	A minimum level of overall environmental quality that must be reached.
      

    

    
      	coase theorem

      	The idea that with property rights and frictionless negotiation, private agents will bargain to reach efficient outcomes even in the face of externalities.
      

    

    
      	command and control

      	Regulations that set strict, specific guidelines to govern the behavior of polluters and resource users.
      

    

    
      	externality tax

      	A tax on something that causes negative externalities.
      

    

    
      	liability

      	A legal construct meaning that an agent is held responsible by the courts to pay when that agent does something that imposes costs on other people in society.
      

    

    
      	performance standard

      	A regulation specifying something about the outcome of private behaviors. 
      

    

    
      	technology standard

      	A regulation specifying what kind of technology agents must or must not use in their activities.
      

    

    
      	tradable permits

      	A policy in which the total amount of an activity is limited, but agents can trade the rights to engage in that activity (permits).
      

    

  

  
Sustainable Energy Systems - Chapter Introduction
In this module, the following topics are presented: 1) an outline of the history of human energy use, 2)  challenges to continued reliance on fossil energy, and 3) motivations and time scale for transitions in energy use.

      
      Learning Objectives

        After reading this module, students should be able to

        
          	outline the history of human energy use

          	understand the challenges to continued reliance on fossil energy

          	understand the motivations and time scale for transitions in energy use

        

      
      
      Introduction and History

        Energy is a pervasive human need, as basic as food or shelter to human existence. World energy use has grown dramatically since the rise of civilization lured humans from their long hunter-gatherer existence to more energy intensive lifestyles in settlements. Energy use has progressed from providing only basic individual needs such as cooking and heating to satisfying our needs for permanent housing, farming and animal husbandry, transportation, and ultimately manufacturing, city-building, entertainment, information processing and communication. Our present lifestyle is enabled by readily available inexpensive fossil energy, concentrated by nature over tens or hundreds of millions of years into convenient, high energy density deposits of fossil fuels that are easily recovered from mines or wells in the earth's crust.

      
      Sustainability Challenges

        Eighty five percent of world energy is supplied by combustion of fossil fuels. The use of these fuels (coal since the middle ages for heating; and coal, oil and gas since the Industrial Revolution for mechanical energy) grew naturally from their high energy density, abundance and low cost. For approximately 200 years following the Industrial Revolution, these energy sources fueled enormous advances in quality of life and economic growth. Beginning in the mid-20th Century, however, fundamental challenges began to emerge suggesting that the happy state of fossil energy use could not last forever.

        Environmental Pollution

          The first sustainability challenge to be addressed was environmental pollution, long noticed in industrial regions but often ignored. Developed countries passed legislation limiting the pollutants that could be emitted, and gradually over a period of more than two decades air and water quality improved until many of the most visible and harmful effects were no longer evident.

        
        Limited Energy Resources

          The second sustainability issue to be addressed has been limited energy resources. The earth and its fossil resources are finite, a simple fact with the obvious implication that we cannot continue using fossil fuels indefinitely. The question is not when the resources will run out, rather when they will become too expensive or technically challenging to extract. Resources are distributed throughout the earth's crust – some easily accessible, others buried in remote locations or under impenetrable barriers. There are oil and gas deposits in the Arctic, for example, that have not been explored or documented, because until recently they were buried under heavy covers of ice on land and sea. We recover the easy and inexpensive resources first, leaving the difficult ones for future development. The cost-benefit balance is usually framed in terms of peaking – when will production reach a peak and thereafter decline, failing to satisfy rising demand, and thus create shortages? Peaks in energy production are notoriously hard to predict because rising prices, in response to rising demand and the fear of shortages, provide increasing financial resources to develop more expensive and technically challenging production opportunities.

          Oil is a prime example of peaking. Although the peak in United States oil production was famously predicted by M. King Hubbert 20 years before it occurred, successful predictions of peaks in world oil production depend on unknown factors and are notoriously difficult (Owen, Inderwildi, & King, 2010; Hirsch, Bezdek, &Wendling, 2006). The fundamental challenges are the unknown remaining resources at each level of recovery cost and the unknown technology breakthroughs that may lower the recovery cost. Receding Arctic ice and the growing ability to drill deeper undersea wells promise to bring more oil resources within financial and technical reach, but quantitative estimates of their impact are, at best, tentative.

          
								Crude Oil Reserves The global distribution of crude oil resources. 1 Includes 172.7 billion barrels of bitumen in oil sands in Alberta, Canada. 2 Excludes countries that were part of the former U.S.S.R. See " Union of Soviet Socialist Republics (U.S.S.R.)" in Glossary. 3 Includes only countries that were part of the former U.S.S.R.Source: U.S. Energy Information Administration, Annual Review, 2009, p. 312 (Aug. 2010)
							
                [image: Crude Oil Reserves]
              

            	
          
        
        Uneven Geographical Distribution of Energy

          The third sustainability challenge is the uneven geographical distribution of energy resources. Figure Crude Oil Reserves shows the distribution of crude oil reserves, with the Middle East having far more oil than any other region and Europe and Asia, two high population and high demand regions, with hardly any by comparison. This geographical imbalance between energy resources and energy use creates uncertainty and instability of supply. Weather events, natural disasters, terrorist activity or geopolitical decisions can all interrupt supply, with little recourse for the affected regions. Even if global reserves were abundant, their uneven geographical distribution creates an energy security issue for much of the world.

        CO2 Emissions and Climate Change

          The final and most recent concern is carbon dioxide emissions and climate change (see Chapter Climate and Global Change). Since the Intergovernmental Panel on Climate Change was established by the United Nations in 1988, awareness of the links among human carbon dioxide emissions, global warming and the potential for climate change has grown. Climate scientists worldwide have documented the evidence of global warming in surface air, land and sea temperatures, the rise of sea level, glacier ice and snow coverage, and ocean heat content (Arndt, Baringer, & Johnson, 2010). Figure Temperature, Sea Level, and Snow Cover 1850-2000 shows three often quoted measures of global warming, the average surface temperature, the rise of sea level and the northern hemisphere snow cover.
 Temperature, Sea Level, and Snow Cover 1850-2000 Three graphs show trends in average surface temperature, average sea level and northern hemisphere snow cover from 1850-2000. Source: Climate Change 2007: Synthesis Report: Contribution of Working Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University Press, figure 1.1, page 31
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          There can be no doubt of the rising trends, and there are disturbing signs of systematic change in other indicators as well (Arndt, et al., 2010). The short-term extension of these trends can be estimated by extrapolation. Prediction beyond thirty or so years requires developing scenarios based on assumptions about the population, social behavior, economy, energy use and technology advances that will take place during this time. Because trends in these quantities are frequently punctuated by unexpected developments such as the recession of 2008 or the Fukushima nuclear disaster of 2011, the pace of carbon emissions, global warming and climate change over a century or more cannot be accurately predicted. To compensate for this uncertainty, predictions are normally based on a range of scenarios with aggressive and conservative assumptions about the degrees of population and economic growth, energy use patterns and technology advances. Although the hundred year predictions of such models differ in magnitude, the common theme is clear: continued reliance on fossil fuel combustion for 85 percent of global energy will accelerate global warming and increase the threat of climate change.

          The present reliance on fossil fuels developed over time scales of decades to centuries. Figure Primary Energy Consumption by Source, 1775-2009 shows the pattern of fuel use in the United States since 1775. 
Primary Energy Consumption by Source, 1775-2009 Graph shows the pattern of fuel use in the United States since 1775. Source: U.S. Energy Information Administration, Annual Review, 2009, p. xx (Aug. 2010)
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          Wood was dominant for a century until the 1880s, when more plentiful, higher energy density and less expensive coal became king. It dominated until the 1950s when oil for transportation became the leading fuel, with natural gas for heating a close second. Coal is now in its second growth phase, spurred by the popularity of electricity as an energy carrier in the second half of the 20th Century. These long time scales are built into the energy system. Uses such as oil and its gasoline derivative for personal transportation in cars or the widespread use of electricity take time to establish themselves, and once established provide social and infrastructural inertia against change.

          The historical changes to the energy system have been driven by several factors, including price and supply challenges of wood, the easy availability and drop-in replaceability of coal for wood, the discovery of abundant supplies of oil that enabled widespread use of the internal combustion engine, and the discovery of abundant natural gas that is cleaner and more transportable in pipelines than coal. These drivers of change are based on economics, convenience or new functionality; the resulting changes in our energy system provided new value to our energy mix.

          The energy motivations we face now are of a different character. Instead of adding value, the motivation is to avert "doomsday" scenarios of diminishing value: increasing environmental degradation, fuel shortages, insecure supplies and climate change. The alternatives to fossil fuel are more expensive and harder to implement, not cheaper and easier than the status quo. The historical motivations for change leading to greater value and functionality are reversed. We now face the prospect that changing the energy system to reduce our dependence on fossil fuels will increase the cost and reduce the convenience of energy.

        
      
      
      Summary

        Continued use of fossil fuels that now supply 85 percent of our energy needs leads to challenges of environmental degradation, diminishing energy resources, insecure energy supply, and accelerated global warming. Changing to alternate sources of energy requires decades, to develop new technologies and, once developed, to replace the existing energy infrastructure. Unlike the historical change to fossil fuel that provided increased supply, convenience and functionality, the transition to alternative energy sources is likely to be more expensive and less convenient. In this chapter you will learn about the environmental challenges of energy use, strategies for mitigating greenhouse gas emissions and climate change, electricity as a clean, efficient and versatile energy carrier, the new challenges that electricity faces in capacity, reliability and communication, the challenge of transitioning from traditional fossil to nuclear and renewable fuels for electricity production. You will also learn about the promise of biofuels from cellulose and algae as alternatives to oil, heating buildings and water with solar thermal and geothermal energy, and the efficiency advantages of combining heat and power in a single generation system. Lastly, you will learn about the benefits, challenges and outlook for electric vehicles, and the sustainable energy practices that will reduce the negative impact of energy production and use on the environment and human health.

      
      
      Review Questions

        
          
            Fossil fuels have become a mainstay of global energy supply over the last 150 years. Why is the use of fossil fuels so widespread?

          

        

        
          
            Fossil fuels present four challenges for long-term sustainability. What are they, and how do they compare in the severity of their impact and cost of their mitigation strategies?

          

        

        
          
            The dominant global energy supply has changed from wood to coal to oil since the 1700s. How long did each of these energy transitions take to occur, and how long might a transition to alternate energy supplies require?
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  Glossary

    
      	fossil fuels

      	Oil, gas and coal produced by chemical transformation of land plants (coal) and marine animals (oil and gas) trapped in the earth's crust under high pressure and temperature and without access to oxygen. The formation of fossil fuels can take.
      

    
	
    
      	industrial revolution

      	The transition from simple tools and animal power for producing products to complex machinery powered by the combustion of fuels. The Industrial Revolution began in England in the mid-18th Century initially centered around the development of the steam engine powered by coal.
      

    

    
      	internal combustion engine

      	The combustion of fuel inside or "internal" to the cylinder and moving piston which produces motion; gasoline engines are a common example. In contrast, steam engines are external combustion engines where combustion and steam generation are outside the cylinder containing the moving piston. The internal combustion engine is lighter and more portable than the steam engine, enabling modern transportation in cars, diesel powered trains, ships and airplanes.
      

    

    
      	peak oil / Hubbert's peak

      	A single oil well follows a pattern of increasing production in initial years as its plentiful resources are tapped to declining production in mature years as its resources are depleted. These two trends are separated by a peak in production of the well. M. King Hubbert extrapolated this pattern from one well to many and in 1956 predicted that the United States’ oil production would peak in the mid-1970s. Although widely criticized at the time, Hubbert's prediction proved true. This success led to widespread predictions for the peak of world oil production. The concept of peak oil is an inevitable consequence of using oil faster than it can be made. However, attempts to predict when the peak will occur are notoriously difficult.
      

    

  

  
Environmental Challenges in Energy, Carbon Dioxide, Air, Water and Land Use
In this module, the following topics are addressed: 1) environmental impacts of energy use, 2) energy sources based on their environmental impact, and 3) the global capacity for each non-renewable energy source.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	outline environmental impacts of energy use

        	evaluate the different energy sources based on their environmental impact

        	understand the global capacity for each non-renewable energy source

      

    
    
    Introduction

      Energy to illuminate, heat and cool our homes, businesses and institutions, manufacture products, and drive our transportation systems comes from a variety of sources that are originate from our planet and solar system. This provides a social and economic benefit to society. The earth’s core provides geothermal energy. The gravitational pull of moon and sun create tides. The sun makes power in multiple ways. By itself, the sun generates direct solar power. The sun’s radiation in combination with the hydrologic cycle can make wind power and hydroelectric power. Through photosynthesis, plants grow making wood and biomass that decay after they die into organic matter. Over the course of thousands of years, this decay results in fossil fuels that have concentrated or stored energy. To learn more about measuring different kinds of energy, known as emergy, see Chapter Problem-Solving, Metrics and Tools for Sustainability. Each of these types of energy can be defined as renewable or non-renewable fuels and they each have some environmental and health cost.
Fossil fuel reserves are not distributed equally around the planet, nor are consumption and demand. We will see in this chapter that fuel distribution is critical to the sustainability of fossil fuel resources for a given geographic area. Access to renewable resources and their viability is greatly dependent on geography and climate. Making energy requires an input of energy so it is important to look at the net energy generated – the difference of the energy produced less the energy invested.

    
    
    Environmental and Health Challenges of Energy Use

      The environmental impacts of energy use on humans and the planet can happen anywhere during the life cycle of the energy source. The impacts begin with the extraction of the resource. They continue with the processing, purification or manufacture of the source, its transportation to place of energy generation, effects from the generation of energy including use of water, air, and land, and end with the disposal of waste generated during the process. Extraction of fossil fuels, especially as the more conventional sources are depleted, takes a high toll on the natural environment. As we mine deeper into mountains, further out at sea, or further into pristine habitats, we risk damaging fragile environments, and the results of accidents or natural disasters during extraction processes can be devastating. Fossils fuels are often located far from where they are utilized so they need to be transported by pipeline, tankers, rail or trucks. These all present the potential for accidents, leakage and spills. When transported by rail or truck energy must be expended and pollutants are generated. Processing of petroleum, gas and coal generates various types of emissions and wastes, as well as utilizes water resources. Production of energy at power plants results in air, water, and, often, waste emissions. Power plants are highly regulated by federal and state law under the Clean Air and Clean Water Acts, while nuclear power plants are regulated by the Nuclear Regulatory Commission. As long as the facilities are complying, much of the environmental impact is mitigated by treating the emissions and using proper waste disposal methods. However, from a sustainability perspective these still present environmental threats over the long run and have a complex variety of issues around them. Figure Environmental Impacts of Nonrenewable and Renewable Electricity Sources summarizes these challenges. Later in the module, they are described more fully for each source of energy and examples are given.


          Environmental Impacts of Nonrenewable and Renewable Electricity Sources Source: C. Klein-Banai using data from U.S. Energy Information Administration and U.S. Environmental Protection Agency
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    Geopolitical Challenges of Fossil Fuels

      The use of fossil fuels has allowed much of the global population to reach a higher standard of living. However, this dependence on fossil fuels results in many significant impacts on society. Our modern technologies and services, such as transportation, landscaping, and plastics production depend in many ways on fossil fuels. Meaning, if supplies become limited or extremely costly, our economies are vulnerable. If countries do not have fossil fuel reserves of their own, they incur even more risk. The United States has become more and more dependent on foreign oil since 1970 when our own oil production peaked. We imported over half of the crude oil and refined petroleum products that we consumed during 2009. Just over half of these imports came from the Western Hemisphere (see Figure Sources of United States Net Petroleum Imports, 2009).
 Sources of United States Net Petroleum Imports, 2009 Figure illustrates that the United States imported over half of the crude oil and refined petroleum products that it consumed during 2009. Source: U.S. Energy Information Administration, Petroleum Supply Annual, 2009, preliminary data
            [image: Sources of United States Net Petroleum Imports, 2009]
          

        
      
      The holder of oil reserves in the oil market is the Organization of Petroleum Exporting Countries, (OPEC) (see Figure Proven Oil Reserves Holders). As of January 2009, there were 12 member countries in OPEC: Algeria, Angola, Ecuador, Iran, Iraq, Kuwait, Libya, Nigeria, Qatar, Saudi Arabia, the United Arab Emirates, and Venezuela. OPEC attempts to influence the amount of oil available to the world by assigning a production quota to each member except Iraq, for which no quota is presently set. Overall compliance with these quotas is mixed since the individual countries make the actual production decisions. All of these countries have a national oil company but also allow international oil companies to operate within their borders. They can restrict the amounts of production by those oil companies. Therefore, the OPEC countries have a large influence on how much of world demand is met by OPEC and non-OPEC supply. A recent example of this is the price increases that occurred during the year 2011 after multiple popular uprisings in Arab countries, including Libya.
 Proven Oil Reserves Holders Pie chart shows proven oil reserves holders. Source: C. Klein-Banai using data from BP Statistical Review of World Energy (2010)
            [image: Proven Oil Reserves Holders]
          

        
      
      This pressure has lead the United States to developing policies that would reduce reliance on foreign oil such as developing additional domestic sources and obtaining it from non-Middle Eastern countries such as Canada, Mexico, Venezuela, and Nigeria. However, since fossil fuel reserves create jobs and provide dividends to investors, a lot is at stake in a nation that has these reserves. Depending on whether that oil wealth is shared with the country’s inhabitants or retained by the oil companies and dictatorships, as in Nigeria prior to the 1990s, a nation with fossil fuel reserves may benefit or come out even worse.

    
    
    Nonrenewable Energy and the Environment

      Fossil fuels are also known as non-renewable energy because it takes thousands of years for the earth to regenerate them. The three main fuel sources come in all phases – solid, liquid, and gas – and will be discussed in that order. One overriding concern is the carbon dioxide emissions that contribute to climate change. Figure Fuel Type and Carbon Emissions displays the relationship between fuel type and carbon emissions.
Fuel Type and Carbon Emissions The two charts show the relationship between fuel type and carbon emissions for U.S. energy consumption in 2010. Source: U.S. Energy Information Administration
            [image: U.S. Energy Consumption and CO2 Emissions by Major Fuel Type in 2010]
          

        
      
      Solid Fossil Fuel: Coal

        Coal comes from organic matter that was compressed under high pressure to become a dense, solid carbon structure over thousands to millions of years. Due to its relatively low cost and abundance, coal is used to generate about half of the electricity consumed in the United States. Coal is the largest domestically produced source of energy. Figure Historic U.S. Coal Production shows how coal production has doubled in the United States over the last sixty year. Current world reserves are estimated at 826,000 million tonnes, with nearly 30 percent of that in the United States. It is a major fuel resource that the United States controls domestically.
Historic U.S. Coal Production Graph shows U.S. Coal Production from 1950-2010. Source: U.S. Energy Information Administration
              [image: Historic U.S. Coal Production]
            

          
        
        Coal is plentiful and inexpensive, when looking only at the market cost relative to the cost of other sources of electricity, but its extraction, transportation, and use produces a multitude of environmental impacts that the market cost does not truly represent. Coal emits sulfur dioxide, nitrogen oxide, and mercury, which have been linked to acid rain, smog, and health issues.  Burning of coal emits higher amounts of carbon dioxide per unit of energy than the use of oil or natural gas. Coal accounted for 35 percent of the total United States emissions of carbon dioxide released into the Earth’s atmosphere in 2010 (see Figure Fuel Type and Carbon Emissions). Ash generated from combustion contributes to water contamination. Some coal mining has a negative impact on ecosystems and water quality, and alters landscapes and scenic views. There are also significant health effects and risks to coal miners and those living in the vicinity of coal mines.
Traditional underground mining is risky to mine workers due to the risk of entrapment or death. Over the last 15 years, the U.S. Mine Safety and Health Administration has published the number of mine worker fatalities and it has varied from 18-48 per year (see Figure U.S. Coal Mining Related Fatalities).
 U.S. Coal Mining Related Fatalities Graph shows U.S. coal mining related fatalities from 1995-2010. Source: C. Klein-Banai using data from the U.S. Department of Labor, Mine Safety and Health Administration
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        Twenty-nine miners died on April 6, 2010 in an explosion at the Upper Big Branch coal mine in West Virginia, contributing to the uptick in deaths between 2009 and 2010. In other countries, with less safety regulations, accidents occur more frequently. In May 2011, for example, three people died and 11 were trapped in a coalmine in Mexico for several days. There is also risk of getting black lung disease (pneumoconiosis) This is a disease of the lungs caused by the inhalation of coal dust over a long period of time. It causes coughing and shortness of breath. If exposure is stopped the outcome is good. However, the complicated form may cause shortness of breath that gets increasingly worse.

        Mountain Top Mining (MTM), while less hazardous to workers, has particularly detrimental effects on land resources. MTM is a surface mining practice involving the removal of mountaintops to expose coal seams, and disposing of the associated mining waste in adjacent valleys – "valley fills." The process of MTM is described in more detail by the U.S. Environmental Protection Agency (U.S. EPA).

         Mountaintop Removal Coal Mining in Martin County, Kentucky Photograph shows mountaintop coal removal mining in Martin County, Kentucky. Source: Flashdark.
              [image: Mountaintop Removal Coal Mining in Martin County, Kentucky]
            

          
        
        The following are some examples of the impact of MTM:

        
          	an increase of minerals in the water that negatively impact fish and macroinvertebrates, leading to less diverse and more pollutant-tolerant species

          	streams are sometimes covered up by silt from mining

          	the re-growth of trees and woody plants on regraded land may be slowed due to compacted soils

          	affects the diversity of bird and amphibian species in the area since the ecosystem changes from wooded areas to other

          	there may be social, economic and heritage issues created by the loss of wooded land that may have been important to traditions and economies of the area 

        

        A study by Epstein, et al. (2011) assigned a monetary value (full cost accounting) for the life cycle of coal in the United States, accounting for many environmental and health impacts of coal. The authors found the cost to be about $0.178/kWh of electricity generated from coal ($345.4 billion in 2008), doubling or tripling the price of coal-generated electricity. This study accounted for all of the impacts discussed above and more.

      
      Liquid Fossil Fuel: Petroleum

        Thirty seven percent of the world’s energy consumption and 43 percent of the United States energy consumption comes from oil. As discussed above, most of the oil production is in the Gulf region. Scientists and policy-makers often discuss the question of when the world will reach peak oil production, and there are a lot of variables in that equation, but it is generally thought that peak oil will be reached by the middle of the 21st Century. Currently world reserves are 1.3 trillion barrels, or 45 years left at current level of production, but we may reduce production as supplies run low.

        Environmental Impacts of Oil Extraction and Refining

          Oil is usually found one to two miles (1.6 – 3.2 km) below the surface. Oil refineries separate the mix of crude oil into the different types for gas, diesel fuel, tar, and asphalt. To find and extract oil workers must drill deep below ocean floor. As the United States tries to extract more oil from its own resources, we are drilling even deeper into the earth and increasing the environmental risks.

          The largest United States oil spill to date began in April 2010 when an explosion occurred on Deepwater Horizon Oil Rig killing 11 employees and spilling nearly 200 million gallons of oil before the resulting leak could be stopped. Wildlife, ecosystems, and people’s livelihood were adversely affected. A lot of money and huge amounts of energy and waste were expended on immediate clean-up efforts. The long-term impacts are still not known. The National Commission on the Deepwater Horizon Oil Spill and Offshore Drilling was set up to study what went wrong. This video summarizes their findings.

          Once oil is found and extracted it must be refined. Oil refining is one of top sources of air pollution in the United States for volatile organic hydrocarbons and toxic emissions, and the single largest source of carcinogenic benzene.

          When petroleum is burned as gasoline or diesel, or to make electricity or to power boilers for heat, it produces a number of emissions that have a detrimental effect on the environment and human health: 

          
            	Carbon dioxide (CO2) is a greenhouse gas and a source of climate change.

            	Sulfur dioxide (SO2) causes acid rain, which damages plants and animals that live in water, and it increases or causes respiratory illnesses and heart diseases, particularly in vulnerable populations like children and the elderly.

            	Nitrous oxides (NOx) and Volatile Organic Carbons (VOCs) contribute to ozone at ground level, which is an irritatant and causes damage to the lungs.

            	Particulate Matter (PM) produces hazy conditions in cities and scenic areas, and combines with ozone to contribute to asthma and chronic bronchitis, especially in children and the elderly. Very small, or “fine PM,” is also thought to penetrate the respiratory system more deeply and cause emphysema and lung cancer.

            	Lead can have severe health impacts, especially for children.

            	Air toxins are known or probable carcinogens.

          

          There are other domestic sources of liquid fossil fuel that are being considered as conventional resources and are being depleted. These include soil sands/tar sands – deposits of moist sand and clay with 1-2 percent bitumen (thick and heavy petroleum rich in carbon and poor in hydrogen). These are removed by strip mining (see section above on coal). Another source is oil shale in United States west which is sedimentary rock filled with organic matter that can be processed to produce liquid petroleum. Also, mined by strip mines or subsurface mines, oil shale can be burned directly like coal or baked in the presence of hydrogen to extract liquid petroleum. However, the net energy values are low and they are expensive to extract and process. Both of these resources have severe environmental impacts due to strip mining, carbon dioxide, methane and other air pollutants similar to other fossil fuels.

        
      
      Gaseous Fossil Fuel: Natural Gas

        Natural gas meets 20 percent of world energy needs and 25 percent of United States needs. Natural gas is mainly composed of methane, the shortest hydrocarbon (CH4), and is a very potent greenhouse gas. There are two types of natural gas. Biogenic gas is found at shallow depths and arises from anaerobic decay of organic matter by bacteria, like landfill gas. Thermogenic gas comes from the compression of organic matter and deep heat underground. They are found with petroleum in reservoir rocks and with coal deposits, and these fossil fuels are extracted together.

        Methane is released into the atmosphere from coal mines, oil and gas wells, and natural gas storage tanks, pipelines, and processing plants. These leaks are the source of about 25 percent of total U.S. methane emissions, which translates to three percent of total U.S. greenhouse gas emissions. When natural gas is produced but cannot be captured and transported economically, it is "flared," or burned at well sites. This is considered to be safer and better than releasing methane into the atmosphere because CO2 is a less potent greenhouse gas than methane.

        In the last few years a new reserve of natural gas has been identified - shale resources. The United States possesses 2,552 trillion cubic feet (Tcf) (72.27 trillion cubic meters) of potential natural gas resources, with shale resources accounting for 827 Tcf (23.42 tcm). As gas prices increased it has become more economical to extract the gas from shale. Figure U.S. Natural Gas Supply, 1990-2035 shows the past and forecasted U.S. natural gas production and the various sources. The current reserves are enough to last about 110 years at the 2009 rate of U.S. consumption (about 22.8 Tcf per year -645.7 bcm per year). 
 U.S. Natural Gas Supply, 1990-2035 Graph shows U.S. historic and projected natural gas production from various sources. Source: U.S. Energy Information Administration
              [image: Past and Forecasted U.S. Natural Gas Production]
            

          
        
        Natural gas is a preferred energy source when considering its environmental impacts. Specifically, when burned, much less carbon dioxide (CO2), nitrogen oxides, and sulfur dioxide are omitted than from the combustion of coal or oil (see Table Environmental Impacts of Nonrenewable and Renewable Electricity Sources). It also does not produce ash or toxic emissions.
Environmental Impacts of Exploration, Drilling, and Production

          Land resources are affected when geologists explore for natural gas deposits on land, as vehicles disturb vegetation and soils. Road clearing, pipeline and drill pad construction also affect natural habitats by clearing and digging. Natural gas production can also result in the production of large volumes of contaminated water. This water has to be properly handled, stored, and treated so that it does not pollute land and water supplies.

          Extraction of shale gas is more problematic than traditional sources due to a process nicknamed “fracking,” or fracturing of wells, since it requires large amounts of water (see Figure Hydraulic Fracturing Process). The considerable use of water may affect the availability of water for other uses in some regions and this can affect aquatic habitats. If mismanaged, hydraulic fracturing fluid can be released by spills, leaks, or various other exposure pathways. The fluid contains potentially hazardous chemicals such as hydrochloric acid, glutaraldehyde, petroleum distillate, and ethylene glycol. The risks of fracking have been highlighted in popular culture in the documentary, Gasland (2010).
Fracturing also produces large amounts of wastewater, which may contain dissolved chemicals from the hydraulic fluid and other contaminants that require treatment before disposal or reuse. Because of the quantities of water used and the complexities inherent in treating some of the wastewater components, treatment and disposal is an important and challenging issue.

          The raw gas from a well may contain many other compounds besides the methane that is being sought, including hydrogen sulfide, a very toxic gas. Natural gas with high concentrations of hydrogen sulfide is usually flared which produces CO2, carbon monoxide, sulfur dioxide, nitrogen oxides, and many other compounds. Natural gas wells and pipelines often have engines to run equipment and compressors, which produce additional air pollutants and noise.

          Hydraulic Fracturing Process Graphic illustrates the process of hydraulic fracturing. Source: Al Granberg, ProPublica. This graphic may not be relicensed for sale except by the copyright holder (ProPublica).
                [image: Hydraulic Fracturing Process]
              

            
          
        
      
    
    
    Alternatives to Fossil Fuels

      Nuclear Power 

        Nuclear power plants produce no carbon dioxide and, therefore, are often considered an alternative fuel, when the main concern is climate change. Currently, world production is about 19.1 trillion KWh, with the United States producing and consuming about 22 percent of that. Nuclear power provides about nine percent of our total consumption for electricity (see Figure U.S. Energy Consumption by Energy Source, 2009).
However, there are environmental challenges with nuclear power. Mining and refining uranium ore and making reactor fuel demands a lot of energy. The plants themselves are made of metal and concrete which also requires energy to make. The main environmental challenge for nuclear power is the wastes including uranium mill tailings, spent (used) reactor fuel, and other radioactive wastes. These materials have long radioactive half-lives and thus remain a threat to human health for thousands of years. The U.S. Nuclear Regulatory Commission regulates the operation of nuclear power plants and the handling, transportation, storage, and disposal of radioactive materials to protect human health and the environment.

        By volume, uranium mill tailings are the largest waste and they contain the radioactive element radium, which decays to produce radon, a radioactive gas. This waste is placed near the processing facility or mill where they come from, and are covered with a barrier of a material such as clay to prevent radon from escaping into the atmosphere and then a layer of soil, rocks, or other materials to prevent erosion of the sealing barrier.

        High-level radioactive waste consists of used nuclear reactor fuel. This fuel is in a solid form consisting of small fuel pellets in long metal tubes and must be stored and handled with multiple containment, first cooled by water and later in special outdoor concrete or steel containers that are cooled by air. There is no long-term storage facility for this fuel in the United States.

        There are many other regulatory precautions governing permitting, construction, operation, and decommissioning of nuclear power plants due to risks from an uncontrolled nuclear reaction. The potential for contamination of air, water and food is high should an uncontrolled reaction occur. Even when planning for worst-case scenarios, there are always risks of unexpected events. For example, the March 2011 earthquake and subsequent tsunami that hit Japan resulted in reactor meltdowns at the Fukushima Daiichi Nuclear Power Station causing massive damage to the surrounding area.

        
          Fukushima Daiichi Nuclear Power Station

        
          	March 11, 2011: Magnitude 9.0 earthquake 231 miles northeast of Tokyo. Less than 1 hour later a 14m tsunami hit

          	50 power station employees worked around the clock to try to stabilize the situation

        

				

        United States’ nuclear reactors have containment vessels that are designed to withstand extreme weather events and earthquakes. However, in the aftermath of the Japan incident, they are reviewing their facilities, policies, and procedures.

        U.S. Energy Consumption by Energy Source, 2009 Renewable energy makes up 8% of U.S. energy consumption. Source: U.S. Energy Information Administration
              [image: U.S. Energy Consumption by Energy Source, 2009]
            

          
        
      
      Hydropower

        Hydropower (hydro-electric) is considered a clean and renewable source of energy since it does not directly produce emissions of air pollutants and the source of power is regenerated. However, hydropower dams, reservoirs, and the operation of generators can have environmental impacts. Figure Hoover Power Plant shows the Hoover Power Plant located on the Colorado River. Hydropower provides 35 percent of the United States’ renewable energy consumption (see Figure U.S. Energy Consumption by Energy Source, 2009). In 2003 capacity was at 96,000 MW and it was estimated that 30,000 MW capacity is undeveloped.
Hoover Power Plant View of Hoover Power Plant on the Colorado River as seen from above. Source: U.S. Department of the Interior
              [image: Hoover Power Plant]
            

          
        
        Migration of fish to their upstream spawning areas can be obstructed by a dam that is used to create a reservoir or to divert water to a run-of-river hydropower plant. A reservoir and operation of the dam can affect the natural water habitat due to changes in water temperatures, chemistry, flow characteristics, and silt loads, all of which can lead to significant changes in the ecology and physical characteristics of the river upstream and downstream. Construction of reservoirs may cause natural areas, farms, and archeological sites to be covered and force populations to relocate. Hydro turbines kill and injure some of the fish that pass through the turbine although there are ways to reduce that effect. In areas where salmon must travel upstream to spawn, such as along the Columbia River in Washington and Oregon, the dams get in the way. This problem can be partially alleviated by using “fish ladders” that help the salmon get up the dams.

        Carbon dioxide and methane may also form in reservoirs where water is more stagnant and be emitted to the atmosphere. The exact amount of greenhouse gases produced from hydropower plant reservoirs is uncertain. If the reservoirs are located in tropical and temperate regions, including the United States, those emissions may be equal to or greater than the greenhouse effect of the carbon dioxide emissions from an equivalent amount of electricity generated with fossil fuels (EIA, 2011).

      
      Municipal Solid Waste

        Waste to energy processes are gaining renewed interest as they can solve two problems at once – disposal of waste as landfill capacity decreases and production of energy from a renewable resource. Many of the environmental impacts are similar to those of a coal plant – air pollution, ash generation, etc. Since the fuel source is less standardized than coal and hazardous materials may be present in municipal solid waste (MSW), or garbage, incinerators and waste-to-energy power plants need to clean the stack gases of harmful materials. The U.S. EPA regulates these plants very strictly and requires anti-pollution devices to be installed. Also, while incinerating at high temperature many of the toxic chemicals may break down into less harmful compounds.

        The ash from these plants may contain high concentrations of various metals that were present in the original waste. If ash is clean enough it can be “recycled” as an MSW landfill cover or to build roads, cement block and artificial reefs.

      
      Biomass 

        Biomass is derived from plants. Examples include lumber mill sawdust, paper mill sludge, yard waste, or oat hulls from an oatmeal processing plant. A major challenge of biomass is determining if it is really a more sustainable option. It often takes energy to make energy and biomass is one example where the processing to make it may not be offset by the energy it produces. For example, biomass combustion may increase or decrease emission of air pollutants depending on the type of biomass and the types of fuels or energy sources that it replaces. Biomass reduces the demand for fossil fuels, but when the plants that are the sources of biomass are grown, a nearly equivalent amount of CO2 is captured through photosynthesis, thus it recycles the carbon. If these materials are grown and harvested in a sustainable way there can be no net increase in CO2 emissions. Each type of biomass must be evaluated for its full life-cycle impact in order to determine if it is really advancing sustainability and reducing environmental impacts.

        Woodchips Photograph shows a pile of woodchips, which are a type of biomass. Source: Ulrichulrich
              [image: Woodchips]
            

          
        
        Solid Biomass: Burning Wood

          Using wood, and charcoal made from wood, for heating and cooking can replace fossil fuels and may result in lower CO2 emissions. If wood is harvested from forests or woodlots that have to be thinned or from urban trees that fall down or needed be cut down anyway, then using it for biomass does not impact those ecosystems. However, wood smoke contains harmful pollutants like carbon monoxide and particulate matter. For home heating, it is most efficient and least polluting when using a modern wood stove or fireplace insert that are designed to release small amounts of particulates. However, in places where wood and charcoal are major cooking and heating fuels such as in undeveloped countries, the wood may be harvested faster than trees can grow resulting in deforestation.

          Biomass is also being used on a larger scale, where there are small power plants. For instance, Colgate College has had a wood-burning boiler since the mid-1980’s and in one year it processed approximately 20,000 tons of locally and sustainably harvested wood chips, the equivalent of 1.17 million gallons (4.43 million liters) of fuel oil, avoiding 13,757 tons of emissions, and saving the university over $1.8 million in heating costs. The University’s steam-generating wood-burning facility now satisfies more than 75 percent of the campus's heat and domestic hot water needs. For more information about this, click here

        
        Gaseous Biomass: Landfill Gas or Biogas

          Landfill gas and biogas is a sort of man-made “biogenic” gas as discussed above. Methane and carbon dioxide are formed as a result of biological processes in sewage treatment plants, waste landfills, anaerobic composting, and livestock manure management systems. This gas is captured, and burned to produce heat or electricity usually for on-site generation. The electricity may replace electricity produced by burning fossil fuels and result in a net reduction in CO2 emissions. The only environmental impacts are from the construction of the plant itself, similar to that of a natural gas plant.

        
        Liquid Biofuels: Ethanol and Biodiesel 

          Biofuels may be considered to be carbon-neutral because the plants that are used to make them (such as corn and sugarcane for ethanol, and soy beans and palm oil trees for biodiesel) absorb CO2 as they grow and may offset the CO2 produced when biofuels are made and burned. Calculating the net energy or CO2 generated or reduced in the process of producing the biofuel is crucial to determining its environmental impact.

          Even if the environmental impact is net positive, the economic and social effects of growing plants for fuels need to be considered, since the land, fertilizers, and energy used to grow biofuel crops could be used to grow food crops instead. The competition of land for fuel vs. food can increase the price of food, which has a negative effect on society. It could also decrease the food supply increasing malnutrition and starvation globally. Biofuels may be derived from parts of plants not used for food (cellulosic biomass) thus reducing that impact. Cellulosic ethanol feedstock includes native prairie grasses, fast growing trees, sawdust, and even waste paper. Also, in some parts of the world, large areas of natural vegetation and forests have been cut down to grow sugar cane for ethanol and soybeans and palm-oil trees to make biodiesel. This is not sustainable land use.

          Biofuels typically replace petroleum and are used to power vehicles. Although ethanol has higher octane and ethanol-gasoline mixtures burn cleaner than pure gasoline, they also are more volatile and thus have higher "evaporative emissions" from fuel tanks and dispensing equipment. These emissions contribute to the formation of harmful, ground level ozone and smog. Gasoline requires extra processing to reduce evaporative emissions before it is blended with ethanol.

          Biodiesel can be made from used vegetable oil and has been produced on a very local basis. Compared to petroleum diesel, biodiesel combustion produces less sulfur oxides, particulate matter, carbon monoxide, and unburned and other hydrocarbons, but more nitrogen oxide.

        
      
      Endless Sources of Energy: Earth, Wind, and Sun

        Geothermal Energy

          Five percent of the United States’ renewable energy portfolio is from geothermal energy (see Figure U.S. Energy Consumption by Energy Source, 2009). The subsurface temperature of the earth provides an endless energy resource. The environmental impact of geothermal energy depends on how it is being used. Direct use and heating applications have almost no negative impact on the environment.
Installing a Geothermal Pipe System Drilling to install geothermal ground source pipe system. Source: Office of Sustainability, UIC
                [image: Installing a Geothermal Pipe System]
              

            
          
          Geothermal power plants do not burn fuel to generate electricity so their emission levels are very low. They release less than one percent of the carbon dioxide emissions of a fossil fuel plant. Geothermal plants use scrubber systems to clean the air of hydrogen sulfide that is naturally found in the steam and hot water. They emit 97 percent less acid rain-causing sulfur compounds than are emitted by fossil fuel plants. After the steam and water from a geothermal reservoir have been used, they are injected back into the earth.

          Geothermal ground source systems utilize a heat-exchange system that runs in the subsurface about 20 feet (5 meters) below the surface where the ground is at a constant temperature. The system uses the earth as a heat source (in the winter) or a heat sink (in the summer). This reduces the energy consumption requires to generate heat from gas, steam, hot water, and chiller and conventional electric air-conditioning systems. See more in Chapter Sustainable Energy Systems.

        Solar Energy

          Solar power has minimal impact on the environment, depending on where it is placed. In 2009, one percent of the renewable energy generated in the United States was from solar power (1646 MW) out of the eight percent of the total electricity generation that was from renewable sources. The manufacturing of photovoltaic (PV) cells generates some hazardous waste from the chemicals and solvents used in processing. Often solar arrays are placed on roofs of buildings or over parking lots or integrated into construction in other ways. However, large systems may be placed on land and particularly in deserts where those fragile ecosystems could be damaged if care is not taken. Some solar thermal systems use potentially hazardous fluids (to transfer heat) that require proper handling and disposal. Concentrated solar systems may need to be cleaned regularly with water, which is also needed for cooling the turbine-generator. Using water from underground wells may affect the ecosystem in some arid locations.

          Rooftop Solar Installations Rooftop solar installation on Douglas Hall at the University of Illinois at Chicago has no effect on land resources, while producing electricity with zero emissions. Source: Office of Sustainability, UIC
              [image: Rooftop Solar Installations]
            

          
          
        
        Wind 

          Wind is a renewable energy source that is clean and has very few environmental challenges. Wind turbines are becoming a more prominent sight across the United States, even in regions that are considered to have less wind potential. Wind turbines (often called windmills) do not release emissions that pollute the air or water (with rare exceptions), and they do not require water for cooling. The U.S. wind industry had 40,181 MW of wind power capacity installed at the end of 2010, with 5,116 MW installed in 2010 alone, providing more than 20 percent of installed wind power around the globe. According to the American Wind Energy Association, over 35 percent of all new electrical generating capacity in the United States since 2006 was due to wind, surpassed only by natural gas.

          Twin Groves Wind Farm, Illinois Wind power is becoming a more popular source of energy in the United States. Source: Office of Sustainability, UIC
                [image: Twin Groves Wind Farm, Illinois]
              

            
          
          Since a wind turbine has a small physical footprint relative to the amount of electricity it produces, many wind farms are located on crop, pasture, and forest land. They contribute to economic sustainability by providing extra income to farmers and ranchers, allowing them to stay in business and keep their property from being developed for other uses. For example, energy can be produced by installing wind turbines in the Appalachian mountains of the United States instead of engaging in mountain top removal for coal mining. Off shore wind turbines on lakes or the ocean may have smaller environmental impacts than turbines on land.

          Wind turbines do have a few environmental challenges. There are aesthetic concerns to some people when they see them on the landscape. A few wind turbines have caught on fire, and some have leaked lubricating fluids, though this is relatively rare. Some people do not like the sound that wind turbine blades make. Listen to one here and see what you think.

          Turbines have been found to cause bird and bat deaths particularly if they are located along their migratory path. This is of particular concern if these are threatened or endangered species. There are ways to mitigate that impact and it is currently being researched.

          There are some small impacts from the construction of wind projects or farms, such as the construction of service roads, the production of the turbines themselves, and the concrete for the foundations. However, overall life cycle analysis has found that turbines make much more energy than the amount used to make and install them.

        
      
    
    
    Summary

      We derive our energy from a multitude of resources that have varying environmental challenges related to air and water pollution, land use, carbon dioxide emissions, resource extraction and supply, as well as related safety and health issues. A diversity of resources can help maintain political and economic independence for the United States. Renewable energy sources have lower environmental impact and can provide local energy resources. Each resource needs to be evaluated within the sustainability paradigm. In the near future, we can expect the interim use of more difficult and environmentally-challenging extraction methods to provide fossil fuels until the growth and development of renewable and clean energy sources will be able to meet our energy demands.

    
    
    Review Questions

      
        
          Describe three major environmental challenges for fossil fuels in general or one in particular.

        

      

      
        
          What are the compelling reasons to continue using coal in spite of its challenges?

        

      

      
        
          Rate the following electricity sources for their contribution to climate change from most to least: biomass, coal, solar, wind, nuclear, natural gas, oil, geothermal, hydroelectric, MSW. Is there any compelling reason not to use any of the carbon neutral (no net carbon emissions) sources?

        

      

      
        
          Describe the environmental and social concerns with regard to biofuels.

        

      

    
    
    Resources

      To learn more about global energy issues, visit the International Energy Agency website. 

      To learn more about United States and international energy issues, visit the U.S. Energy Information Administration website. 

      To learn more about the U.S. Nuclear Regulatory Commission, please click here. 

      Learn about your clean energy options here.
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  Glossary

    
      	biodiesel

      	A fuel usually made from soybean, canola, or other vegetable oils; animal fats; and recycled grease and oils. It can serve as a substitute for conventional diesel or distillate fuel.
      

    

    
      	biofuels

      	Liquid fuels and blending components produced from biomass materials, used primarily in combination with transportation fuels, such as gasoline.
      

    

    
      	biomass

      	Organic, non-fossil material of biological origin that is renewable because it can be quickly re-grown, taking up the carbon that is released when it is burned.
      

    

    
      	geothermal energy

      	Hot water or steam extracted from geothermal reservoirs in the earth's crust. Water or steam extracted from geothermal reservoirs can be used for geothermal heat pumps, water heating, or electricity generation. Geothermal heat or cooling may also come from ground source heat exchange taking advantage of the constant temperature in the ground below the surface.
      

    

    
      	geothermal plant


      	A power plant in which the prime mover is a steam turbine. The turbine is driven either by steam produced from hot water or by natural steam that heat source is found in rock.
      

    

    
      	non-renewable fuels

      	Fuels that will be used up, irreplaceable.
      

    

    
      	photovoltaic cells

      	An electronic device consisting of layers of semiconductor materials that are produced to form adjacent layers of materials with different electronic characteristics and electrical contacts and being capable of converting incident light directly into electricity (direct current).
      

    

    
      	radioactive half-lives

      	The amount of time necessary to decrease the radioactivity of radioactive material to one-half the original level.
      

    

    
      	renewable fuels

      	Fuels that are never exhausted or can be replaced.
      

    

  

  
Electricity
In this module, the following topics are covered: 1) growth of electricity as a clean, versatile, switchable energy carrier; 2) components of the electricity grid – generation, delivery, use, and 3) challenges to the modern electricity grid

    
    Learning Objectives

      After reading this module, students should be able to

      
        	outline the growth of electricity as a clean, versatile, switchable energy carrier

        	understand the components of the electricity grid – generation, delivery, use

        	understand the challenges to the modern electricity grid – capacity, reliability, accommodating renewables

      

    
    
    Introduction

      Over the past century and a half electricity has emerged as a popular and versatile energy carrier. Communication was an early widespread use for electricity following the introduction of the telegraph in the 1840s. In the 1870s and 1880s electric motors and lights joined the telegraph as practical electrical devices, and in the 1890s electricity distribution systems, the forerunners of today's electricity grid, began to appear. The telegraph became wireless with the invention of radio, demonstrated in the laboratory in the 1880s and for transatlantic communication in 1901. Today, electricity is exploited not only for its diverse end uses such as lighting, motion, refrigeration, communication and computation, but also as a primary carrier of energy. Electricity is one of two backbones of the modern energy system (liquid transportation fuels are the other), carrying high density energy over short and long distances for diverse uses. In 2009, electricity consumed the largest share of the United States’ primary energy, 38 percent, with transportation a close second at 37 percent (EIA Annual Energy Review, 2009). These two sectors also accounted for the largest shares of U.S. carbon emissions, 38 percent for electricity and 33 percent for transportation (EIA Annual Energy Review, 2009). Figure United States Electricity Net Generation Since 1949 and Uses shows the growth of electricity as an energy carrier since 1949 and the growing range of its uses.
United States Electricity Net Generation Since 1949 and Uses The growth of United States electricity generation since 1949 and some of its uses. Source: G. Crabtree using data from EIA Annual Energy Review 2009, Table 8.2a, p 230.; Felix O, U.S. CPSC, Joe Mabel,Marcin Wichary, Samboy, Andrew, Jan Ainali, Lovelac7
            [image: United States Electricity Net Generation Since 1949 and Uses]
          

        
      
      Figure Electricity Energy Chain shows the electricity energy chain from generation to use. By far most electricity is generated by combustion of fossil fuels to turn steam or gas turbines. This is the least efficient step in the energy chain, converting only 36 percent of the chemical energy in the fuel to electric energy, when averaged over the present gas and coal generation mix. It also produces all the carbon emissions of the electricity chain. Beyond production, electricity is a remarkably clean and efficient carrier. Conversion from rotary motion of the turbine and generator to electricity, the delivery of electricity through the power grid, and the conversion to motion in motors for use in industry, transportation and refrigeration can be more than 90 percent efficient. None of these steps produces greenhouse gas emissions. It is the post-production versatility, cleanliness, and efficiency of electricity that make it a prime energy carrier for the future. Electricity generation, based on relatively plentiful domestic coal and gas, is free of immediate fuel security concerns. The advent of electric cars promises to increase electricity demand and reduce dependency on foreign oil, while the growth of renewable wind and solar generation reduces carbon emissions. The primary sustainability challenges for electricity as an energy carrier are at the production step: efficiency and emission of carbon dioxide and toxins.
Electricity Energy Chain Graph shows the electricity energy chain from generation to use. Source: G. Crabtree
            [image: Electric Energy Chain]
          

        
      
    
    
    The Electricity Grid: Capacity and Reliability

      Beyond production, electricity faces challenges of capacity, reliability, and implementing storage and transmission required to accommodate the remoteness and variability of renewables. The largest capacity challenges are in urban areas, where 79 percent of the United States and 50 percent of the world population live. The high population density of urban areas requires a correspondingly high energy and electric power density. In the United States, 33 percent of electric power is used in the top 22 metro areas, and electricity demand is projected to grow 31 percent by 2035 (Annual Energy Outlook, 2011). This creates an "urban power bottleneck" where underground cables become saturated, hampering economic growth and the efficiencies of scale in transportation, energy use and greenhouse gas emission that come with high population density (Owen, 2009). Saturation of existing cable infrastructure requires installation of substantial new capacity, an expensive proposition for digging new underground cable tunnels. 

      Superconducting underground cables with five times the power delivery capacity of conventional copper offer an innovative alternative (see Figure Superconducting Underground Cables). Unlike conventional cables, superconducting cables emit no heat or electromagnetic radiation, eliminating interference with other underground energy and communication infrastructure. Replacing conventional with superconducting cables in urban areas dramatically increases capacity while avoiding the construction expense of additional underground infrastructure.
Superconducting Underground Cables The superconducting wires on the right carry the same current as the conventional copper wires on the left. Superconducting cable wound from these wires carries up to five times the current of conventional copper cables. Source: Courtesy, American Superconductor Corporation
            [image: Superconducting Underground Cables]
          

        
      
      The reliability of the electricity grid presents a second challenge. The United States’ grid has grown continuously from origins in the early 20th Century; much of its infrastructure is based on technology and design philosophy dating from the 1950s and 1960s, when the major challenge was extending electrification to new rural and urban areas. Outside urban areas, the grid is mainly above ground, exposing it to weather and temperature extremes that cause most power outages. The response to outages is frustratingly slow and traditional – utilities are often first alerted to outages by telephoned customer complaints, and response requires sending crews to identify and repair damage, much the same as we did 50 years ago. The United States’ grid reliability is significantly lower than for newer grids in Europe and Japan, where the typical customer experiences ten to 20 times less outage time than in the United States. Reliability is especially important in the digital age, when an interruption of even a fraction of a cycle can shut down a digitally controlled data center or fabrication line, requiring hours or days to restart.

      Reliability issues can be addressed by implementing a smart grid with two-way communication between utility companies and customers that continuously monitors power delivery, the operational state of the delivery system, and implements demand response measures adjusting power delivered to individual customers in accordance with a previously established unique customer protocol. Such a system requires installing digital sensors that monitor power flows in the delivery system, digital decision and control technology and digital communication capability like that already standard for communication via the Internet. For customers with on-site solar generation capability, the smart grid would monitor and control selling excess power from the customer to the utility.

      Figure Smart Grid illustrates the two-way communication features of the smart grid. The conventional grid in the upper panel sends power one way, from the generating station to the customer, recording how much power leaves the generator and arrives at the customer. In the smart grid, the power flow is continuously monitored, not only at the generator and the customer, but also at each connection point in between. Information on the real time power flow is sent over the Internet or another special network to the utility and to the customer, allowing real time decisions on adding generation to meet changes in load, opening circuit breakers to reroute power in case of an outage, reducing power delivered to the customer during peak periods to avoid outages (often called "demand response"), and tracking reverse power flows for customers with their own solar or other generation capacity. The conventional power grid was designed in the middle of the last century to meet the simple need of delivering power in one direction. Incorporating modern Internet-style communications and control features could bring the electricity grid to a qualitatively new level of capability and performance required to accommodate local generation and deliver higher reliability.
 Smart Grid The addition of real-time monitoring and communicating capability like that used on the Internet would add 'smart' operation of the electricity grid. Source: National Institute of Standards and Technology
            [image: Smart Grid]
          

        
      
      Smart components incorporated throughout the grid would be able to detect overload currents and open breakers to interrupt them quickly and automatically to avoid unnecessary damage and triggering a domino effect cascade of outages over wide areas as happened in the Northeast Blackout of 2003. For maximum effectiveness, such smart systems require fast automatic response on millisecond time scales commensurate with the cycle time of the grid. Even simple digital communication meets this requirement, but many of the grid components themselves cannot respond so quickly. Conventional mechanical circuit breakers, for example, take many seconds to open and much longer to close. Such long times increase the risk of dangerous overload currents damaging the grid or propagating cascades. Along with digital communications, new breaker technology, such as that based on fast, self-healing superconducting fault current limiters, is needed to bring power grid operation into the modern era.

    
    
    Integrating Renewable Electricity on the Grid

      Accommodating renewable electricity generation by wind and solar plants is among the most urgent challenges facing the grid. Leadership in promoting renewable electricity has moved from the federal to the state governments, many of which have legislated Renewable Portfolio Standards (RPS) that require 20 percent of state electricity generation to be renewable by 2020. 30 states and the District of Columbia have such requirements, the most aggressive being California with 33 percent renewable electricity required by 2020 and New York with 30 percent by 2015. To put this legal requirement in perspective, wind and solar now account for about 1.6 percent of U.S. electricity production; approximately a factor of ten short of the RPS requirements. (Crabtree & Misewich, 2010).

      Renewable Variability

        The grid faces major challenges to accommodate the variability of wind and solar electricity. Without significant storage capacity, the grid must precisely balance generation to demand in real time. At present, the variability of demand controls the balancing process: demand varies by as much as a factor of two from night to day as people go through their daily routines. This predictable variability is accommodated by switching reserve generation sources in and out in response to demand variations. With renewable generation, variation can be up to 70 percent for solar electricity due to passing clouds and 100 percent for wind due to calm days, much larger than the variability of demand. At the present level of 1.6 percent wind and solar penetration, the relatively small variation in generation can be accommodated by switching in and out conventional resources to make up for wind and solar fluctuations. At the 20 percent penetration required by state Renewable Portfolio Standards, accommodating the variation in generation requires a significant increase in the conventional reserve capacity. At high penetration levels, each addition of wind or solar capacity requires a nearly equal addition of conventional capacity to provide generation when the renewables are quiescent. This double installation to insure reliability increases the cost of renewable electricity and reduces its effectiveness in lowering greenhouse gas emissions.

        A major complication of renewable variation is its unpredictability. Unlike demand variability, which is reliably high in the afternoon and low at night, renewable generation depends on weather and does not follow any pattern. Anticipating weather-driven wind and solar generation variability requires more sophisticated forecasts with higher accuracy and greater confidence levels than are now available. Because today's forecasts often miss the actual performance target, additional conventional reserves must be held at the ready to cover the risk of inaccuracies, adding another increase to the cost of renewable electricity.

      
      Storing Electricity

        Storage of renewable electricity offers a viable route to meeting the variable generation challenge. Grid electricity storage encompasses many more options than portable electricity storage required for electric cars. Unlike vehicle storage, grid storage can occupy a large footprint with little or no restriction on weight or volume. Grid storage can be housed in a controlled environment, eliminating large temperature and humidity variations that affect performance. Grid storage must have much higher capacity than vehicle storage, of order 150 MWh for a wind farm versus 20-50 kWh for a vehicle. Because of these differences, the research strategy for grid and vehicle energy storage is very different. To date, much more attention has been paid to meeting vehicle electricity storage requirements than grid storage requirements. 

        There are many options for grid storage. Pumped hydroelectric storage, illustrated in Figure Pumped Hydroelectric Storage, is an established technology appropriate for regions with high and low elevation water resources. Compressed Air Energy Storage (CAES) is a compressed air equivalent of pumped hydro that uses excess electricity to pump air under pressure into underground geologic formations for later release to drive generators. This option has been demonstrated in Huntorf, Germany and in Mcintosh, Alabama. High temperature sodium-sulfur batteries operating at 300 °C have high energy density, projected long cycle life, and high round trip efficiency; they are the most mature of the battery technologies suggested for the grid. Flow batteries are an attractive and relatively unexplored option, where energy is stored in the high charge state of a liquid electrolyte and removed by electrochemical conversion to a low charge state. Each flow battery requires an electrolyte with a high and low charge state and chemical reaction that takes one into the other. There are many such electrolytes and chemical reactions, of which only a few have been explored, leaving a host of promising opportunities for the future. The energy storage capacity depends only on the size of the storage tank, which can be designed fully independently of the power capacity that depends on the size of the electrochemical reactor. Sodium sulfur and flow batteries store electric charge and can be used at any place in the electricity grid. In contrast, thermal storage applies only to concentrating solar power technologies, where mirrors focus solar radiation to heat a working fluid that drives a conventional turbine and generator. In these systems, heat energy can be stored as a molten salt in a highly insulated enclosure for hours or days, allowing solar electricity to be generated on demand after sunset or on cloudy days. All of these options are promising and require research and development to explore innovations, performance and cost limits.
 Pumped Hydroelectric Storage Upper storage reservoir for pumped hydroelectric storage, an established technology for storing large amounts of grid electricity. Source: Ongrys via Wikimedia Commons
              [image: Pumped Hydroelectric Storage]
            

          
        
      
      How to Transmit Electricity Over Long Distances

        The final challenge for accommodating renewables is long distance transmission. As Figure Renewable Resource Location vs. Demand Location shows, the largest wind resources, located at mid-continent, and the largest solar resources, in the southwest, are far from the population centers east of Mississippi and on the West Coast. If these resources are to be used, higher capacity long distance transmission must be developed to bring the renewable electricity to market. Although such long distance delivery is possible where special high voltage transmission lines have been located, the capacity and number of such lines is limited. The situation is much like automobile transportation before the interstate highway system was built in the 1950s. It was possible to drive coast to coast, but the driving time was long and uncertain and the route indirect. To use renewable electricity resources effectively, we must create a kind of interstate highway system for electricity.
Renewable Resource Location vs. Demand Location Wind and solar electricity resources are located far from population centers, requiring a dramatic improvement in long-distance electricity transmission – an "interstate highway system for electricity." Source: Integrating Renewable Electricity on the Grid, Report of the Panel on Pubic Affairs, American Physical Society (2010).
              [image: Renewable Resource Location vs. Demand Location]
            

          
        
      
    
    
    Summary

      Electricity and liquid petroleum are the two primary energy carriers in the United States, and in the world. Once produced, electricity is clean and versatile making it an appealing energy carrier for the future. The challenges facing the electricity grid are capacity, reliability, and accommodating renewable sources such as solar and wind whose output is variable and whose location is remote from population centers. Electricity storage and long distance transmission are needed to accommodate these renewable resources.

    
    
    Review Questions

      
        
          Electricity is the fastest growing energy carrier in the world, trailed by liquid fuels for transportation. Why is electricity more appealing than liquid fuels?

        

      

      
        
          A primary challenge for the electricity grid is capacity to handle the "urban power bottleneck" in cities and suburbs. How can superconducting cables address urban capacity issues?

        

      

      
        
          Renewable wind and solar electricity is plentiful in the United States, but they are located remotely from high population centers and their output is variable in time. How can these two issues be addressed?
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  Glossary

    
      	efficiency

      	The fraction of energy at the input that is delivered to the output of a device. Electric motors can convert incoming electricity to rotary motion at more than 90 percent efficiency, while gasoline engines convert only about 25 percent of the chemical energy of the fuel to motion of the wheels. 
      

    

    
      	electricity grid

      	The network of wires and transformers that delivers electric power from generation stations such as those powered by coal, natural gas, hydroelectricity, sunlight or wind to end uses such as lighting, transportation, refrigeration, computation or communication. The electricity grid is conventionally divided into higher voltage transmission lines for long distances, lower voltage distribution lines for short distances and transformers in substations for converting the voltage between the two categories. 
      

    

    
      	kWh and MWh

      	Units of energy used in power engineering. kWh is one kilowatt of power delivered for one hour, MWh is one megawatt of power delivered for one hour.
      

    

    
      	primary energy

      	The energy embodied in natural resources prior to undergoing any human-made conversions or transformations. Examples include the chemical energy in coal or the sunlight falling on a solar cell before it is converted to electricity, the nuclear energy in the fuel of a nuclear reactor, or the kinetic energy of wind before it turns the blades of a turbine. 
      

    

    
      	renewable generation variability

      	The variation of the output of a solar or wind plant depending on weather. Solar plants often produce only 15-20 percent of their maximum output (also called installed capacity) because the sun shines only during the day and passing clouds can obscure it; wind plants produce 20-40 percent of their maximum capacity because the wind speed varies with weather conditions, often becoming calm for days at a time.
      

    

    
      	smart grid

      	The addition of sensors to monitor power flow and two-way communication to transmit the power flow information to the utility and the customer in real time. The addition of sensors and communication to the grid enables several new operating modes: the customer decide in real time to curtail his electricity use during peak times when rates are high (known as demand-response), the utility can identify precisely the time and place of power flow failures due to weather or other events, and the grid can be equipped with automatic circuit breakers (known as fault current limiters) and other protection devices that respond immediately to power flow failures, limiting damage to the grid and the risk of triggering a cascade of failures. 
      

    

    
      	superconducting cable

      	An underground cable made of superconductor, which loses all resistance to electric current at low temperature. Superconducting cables made of second-generation coated conductors based on the copper oxide family of superconductors discovered in 1986 are now entering the grid. Because superconductors conduct electricity without producing heat, they can carry up to five times more power than conventional copper cables in the same cross-sectional area.
      

    

  

  
Nuclear Energy
In this module, the following topics are presented: 1) the rapid development of nuclear electricity and its plateau due to public concerns about safety, 2) the dilemma nuclear electricity presents for sustainability – reduced carbon emissions and long term storage of spent fuel, 3) the sustainable benefits and proliferation threats of reprocessing spent nuclear fuel.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	outline the rapid development of nuclear electricity and its plateau due to public concerns about safety

        	understand the dilemma nuclear electricity presents for sustainability – reduced carbon emissions and long term storage of spent fuel

        	understand the sustainable benefits and proliferation threats of reprocessing spent nuclear fuel

      

    
    
    Introduction

      From a sustainability perspective, nuclear electricity presents an interesting dilemma. On the one hand, nuclear electricity produces no carbon emissions, a major sustainable advantage in a world facing human induced global warming and potential climate change. On the other hand, nuclear electricity produces spent fuel that must be stored out of the environment for tens or hundreds of thousands of years, it produces bomb-grade plutonium and uranium that could be diverted by terrorists or others to destroy cities and poison the environment, and it threatens the natural and built environment through accidental leaks of long lived radiation. Thoughtful scientists, policy makers and citizens must weigh the benefit of this source of carbon free electricity against the environmental risk of storing spent fuel for thousands or hundreds of thousands of years, the societal risk of nuclear proliferation, and the impact of accidental releases of radiation from operating reactors. There are very few examples of humans having the power to permanently change the dynamics of the earth. Global warming and climate change from carbon emissions is one example, and radiation from the explosion of a sufficient number of nuclear weapons is another. Nuclear electricity touches both of these opportunities, on the positive side for reducing carbon emissions and on the negative side for the risk of nuclear proliferation.

    
    
    Debating Nuclear Energy

      Nuclear electricity came on the energy scene remarkably quickly. Following the development of nuclear technology at the end of World War II for military ends, nuclear energy quickly acquired a new peacetime path for inexpensive production of electricity. Eleven years after the end of World War II, in 1956, a very short time in energy terms, the first commercial nuclear reactor produced electricity at Calder Hall in Sellafield, England. The number of nuclear reactors grew steadily to more than 400 by 1990, four years after the Chernobyl disaster in 1986 and eleven years following Three Mile Island in 1979. Since 1990, the number of operating reactors has remained approximately flat, with new construction balancing decommissioning, due to public and government reluctance to proceed with nuclear electricity expansion plans. Figure Growth of Fuels Used to Produce Electricity in the United States and Figure Nuclear Share of United States Electricity Generation show the development and status of nuclear power in the United States, a reflection of its worldwide growth.

      Nuclear Share of United States Electricity Generation The percentage of electricity generated by nuclear power in the United States, 1957-2009. Source: U.S. Energy Information Agency, Annual Energy Review 2009, p. 276 (Aug. 2010)
            [image: Nuclear Share of United States Electricity Generation]
          

        
      
      The outcome of this debate (Ferguson, Marburger, & Farmer, 2010) will determine whether the world experiences a nuclear renaissance that has been in the making for several years (Grimes & Nuttall, 2010). The global discussion has been strongly impacted by the unlikely nuclear accident in Fukushima, Japan in March 2011. The Fukushima nuclear disaster was caused by an earthquake and tsunami that disabled the cooling system for a nuclear energy complex consisting of operating nuclear reactors and storage pools for underwater storage of spent nuclear fuel ultimately causing a partial meltdown of some of the reactor cores and release of significant radiation. This event, 25 years after Chernobyl, reminds us that safety and public confidence are especially important in nuclear energy; without them expansion of nuclear energy will not happen.

      Operating and Decommissioned Nuclear Power Plants in the United States Graph shows the number of operating versus decommissioned nuclear power plants in the United States. Source: U.S. Energy Information Agency, Annual Energy Review 2009, p. 274 (Aug. 2010)
            [image: Operating and Decommissioned Nuclear Power Plants in the United States]
          

        
      
      There are two basic routes for handling the spent fuel of nuclear reactors: once through and reprocessing (World Nuclear Association; Kazimi, Moniz, & Forsberg, 2010). Once through stores spent fuel following a single pass through the reactor, first in pools at the reactor site while it cools radioactively and thermally, then in a long-term geologic storage site, where it must remain for hundreds of thousands of years. Reprocessing separates the useable fraction of spent fuel and recycles it through the reactor, using a greater fraction of its energy content for electricity production, and sends the remaining high-level waste to permanent geologic storage. The primary motivation for recycling is greater use of fuel resources, extracting ~ 25 percent more energy than the once through cycle. A secondary motivation for recycling is a significant reduction of the permanent geologic storage space (by a factor of ~ 5 or more) and time (from hundreds of thousands of years to thousands of years). While these advantages seem natural and appealing from a sustainability perspective, they are complicated by the risk of theft of nuclear material from the reprocessing cycle for use in illicit weapons production or other non-sustainable ends. At present, France, the United Kingdom, Russia, Japan and China engage in some form of reprocessing; the United States, Sweden and Finland do not reprocess.

    
    
    Summary

      Nuclear electricity offers the sustainable benefit of low carbon electricity at the cost of storing spent fuel out of the environment for up to hundreds of thousands of years. Nuclear energy developed in only 11 years, unusually quickly for a major energy technology, and slowed equally quickly due to public concerns about safety following Three Mile Island and Chernobyl. The Fukushima reactor accident in March 2011 has raised further serious concerns about safety; its impact on public opinion could dramatically affect the future course of nuclear electricity. Reprocessing spent fuel offers the advantages of higher energy efficiency and reduced spent fuel storage requirements with the disadvantage of higher risk of weapons proliferation through diversion of the reprocessed fuel stream.

    
    
    Review Questions

      
        
          Nuclear electricity came on the scene remarkably quickly following the end of World War II, and its development stagnated quickly following the Three Mile Island and Chernobyl accidents. The Fukushima disaster of 2011 adds a third cautionary note. What conditions must be fulfilled if the world is to experience an expansion of nuclear electricity, often called a nuclear renaissance?

        

      

      
        
          Nuclear fuel can be used once and committed to storage or reprocessed after its initial use to recover unused nuclear fuel for re-use. What are the arguments for and against reprocessing? 

        

      

      
        
          Storage of spent nuclear fuel for tens to hundreds of thousands of years is a major sustainability challenge for nuclear electricity. Further development of the Yucca Mountain storage facility has been halted. What are some of the alternatives for storing spent nuclear fuel going forward?
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  Glossary

    
      	once through

      	A single pass of nuclear fuel through a reactor followed by long-term geologic storage.
      

    

    
      	reprocessing

      	Chemically processing spent nuclear fuel to recover the unused portion, which is then passed through the reactor again to produce more power. Reprocessing uses a greater fraction of the energy of the fuel but also increases the risk of illegal diversion of nuclear material for weapons proliferation.
      

    

  

  
Geothermal Heating and Cooling
In this module, the following topics are covered: 1) the basic thermodynamic principles of a heat, 2) geothermal heating and cooling, 3) different types of geothermal systems and the principles that govern their design.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	understand the basic thermodynamic principles of a heat

        	learn what makes geothermal heating and cooling more efficient than conventional systems

        	compare different types of geothermal systems and the principles that govern their design

      

    
    
    Introduction

      With limited supplies of fossil fuels in the coming decades and increasing awareness of environmental concerns related to combustions of fossil fuels, alternate energy sources such as geothermal are becoming increasingly attractive. Geothermal energy is energy that comes from the earth. In this section we describe the basic principles of geothermal energy systems and the energy savings that can result from their use.

    
    
    The Heat Pump

      The key to understanding a geothermal energy system is the heat pump. Normally heat goes from a hot area to a cold area, but a heat pump is a device that enables heat to be transferred from a lower temperature to a higher temperature with minimal consumption of energy (see Figure A Simple Heat Pump). A home refrigerator is an example of a simple heat pump. A refrigerator removes heat from the inside of a refrigerator at approximately 3°C, 38°F (See Heat In in the Figure A Simple Heat Pump) and then discards it to the kitchen (at approximately 27°C, 80°F (See Heat Out in Figure A Simple Heat Pump). It is pumping heat from the inside of the refrigerator to the outside using a compressor, hence the name heat pump.

      The fact the most fluids boil at different temperatures when pressure is changed[footnote] is crucial to the operation of the heat pump. Boiling removes heat from the environment, just like boiling water takes heat from the stove. In a heat pump, boiling takes place at a lower pressure and, consequently, at a lower temperature. Let’s assume 40°F, or 4°C, so that it can effectively remove heat from the soil or the pond water (the heat source) in the geothermal unit at 50°F, or 10°C. The steam produced from the boiling can then be compressed (see Compressor in Figure A Simple Heat Pump) to higher pressure so that it will condense (the opposite of boiling) at a much higher temperature. When a geothermal unit is incorporated into a building, it is the building that removes the heat, subsequently warming it up (See Heat Out in Figure A Simple Heat Pump). The condensed steam in a geothermal heat pump will thus provide heat at a much higher temperature to the area being heated than the original heat source. Finally a throttle, similar to a water faucet at home, is used to lower the pressure (See Expansion Valve in Figure A Simple Heat Pump) to complete the closed system cycle, which is then repeated. By switching the direction of the heat pump, the geothermal system can be used for cooling as well.
This is the same reason why water boils at lower temperatures at higher elevations where pressure is lower, for example in Boulder, Colorado.
      A Simple Heat Pump A typical vapor compression heat pump for cooling used with a Geothermal System. Source: Sohail Murad adapted from Ilmari Karonen
            [image: ]
          

        
      
    
    
    Geothermal Heating and Cooling

      Geothermal systems are suited to locations with somewhat extreme temperature ranges. Areas with moderate temperature ranges (e.g. some areas of California) can use ordinary heat pumps with similar energy savings by adding or removing heat to/from the outside air directly. Areas that experience somewhat extreme temperatures (e.g. the Midwest and East Coast) are ideal target locations for geothermal systems. For regions with moderate climates, such as many parts of the South or the West Coast, conventional heat pumps, that exchange energy generally with the outside air, can still be used with similar energy savings. Geothermal heat pumps (GHPs) use the almost constant temperatures (7°C to 8°C, or 45°F to 48°F) of soil beneath the frost line as an energy source to provide efficient heating and cooling all year long. The installation cost of GHPs is higher than conventional systems due to additional drilling and excavation expenses, but the added cost is quickly offset by GHPs’ higher efficiency. It is possible to gain up to 50 percent savings over conventional heating and cooling systems (see Figure Estimated Cooling Costs Comparison), which allows the additional capital costs from installation to be recovered, on average, in less than 5 years. GHP’s have an average lifespan of over 30 years, leaving 25 years or more of heating/cooling savings for those willing to make the investment. In addition, GHPs are space efficient and, because they contain fewer moving components, they also have lower maintenance costs.

      Estimated Cooling Costs Comparison Estimated cooling costs of geothermal systems compared with conventional systems. Source: Sohail Murad
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    Types of Geothermal Systems

      There are two major types of geothermal systems: in ground and pond systems. In ground geothermal systems can be vertical and horizontal as shown in Figure In Ground Geothermal Systems. The excavation cost of vertical systems is generally higher and they require more land area for installation, which is generally not an option in urban locations. Other than excavation costs, vertical and horizontal GHPs have similar efficiencies since the ground temperature below the frost line is essentially constant.

      In Ground Geothermal Systems Examples of horizontal and vertical ground systems. Source: U.S. Department of Energy, Energy Efficiency and Renewable Energy
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      Pond geothermal systems are generally preferable if there is water available in the vicinity at almost constant temperature year round. These systems are especially suited to industrial units (e.g. oil refineries) with water treatment facilities to treat processed water before it is discharged. The temperature of treated water from these facilities is essentially constant throughout the year and is an ideal location for a pond system. Pond geothermal systems are constructed with either open loops or closed loops (see Figure Pond Geothermal Systems). Open loop systems actually remove water from the pond, while the close loop systems only remove energy in the form of heat from the pond water. Of course, in open pond system this water is again returned to the pond, albeit at a lower temperature when used for heating.

      Pond Geothermal Systems Examples of closed and open loop pond systems. Source: U.S. Department of Energy, Energy Efficiency and Renewable Energy
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    Economics of Geothermal Systems

      As stated earlier, depending upon the type of system, the capital and installation cost of a geothermal system is about twice the cost of a traditional heating, ventilation, air conditioning (HVAC) system. However, both the operating and maintenance costs are much lower and switching from heating to cooling is effortless. A typical return of investment (ROI) plot for a ground geothermal system for a multi-unit building is favorable (see Figure Return of Investment in Geothermal System). A geothermal system that had an additional $500,000 in capital costs but lower operating and maintenance costs allowed the added cost to be recouped in 5 to 8 years. Since the average lifespan of a geothermal system is at least 30 years, the savings over the lifetime of the system can be substantial. The efficiency of ground geothermal systems is fairly constant since there are no large variations in ground temperature. The efficiency for pond systems would, in general, be much higher than those shown in Figure Return of Investment in Geothermal System if, during the winter months, the pond water temperature is higher than typical ground temperatures below the frost line (7°C - 8°C, or 44°F - 48°F) because the efficiency of heat pumps increases with higher heat source temperature. Another reason for higher efficiency of pond systems is the much higher heat transfer rate between a fluid and the outer surface of the geothermal pipes, especially if the water is flowing.

      Return of Investment in Geothermal System Return of additional capital investment in a typical geothermal system. Source: Murad, S., & Al-Hallaj, S. from Feasibility Study For a Hybrid Fuel Cell/Geothermal System, Final Report, HNTB Corporation, August 2009.
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    Increasing Efficiency of Geothermal Systems

      Several strategies are available to increase the efficiency of geothermal systems. One of the most promising possibilities is to use it in conjunction with phase change materials (PCM) (see also Module Applications of Phase Change Materials for Sustainable Energy), particularly to handle peak loads of energy consumptions. Phase change materials are materials that can absorb and deliver much larger amounts of energy compared to typical building materials. The cost of geothermal systems unlike other HVAC systems increases almost linearly with system size (approximately $1000/ton). Thus, building larger systems to account for peak loads can significantly add to both the capital and installation costs. PCM can be incorporated into all four geothermal systems described earlier. The best approach is to incorporate PCMs with geothermal systems for applications in systems with non-uniform energy requirements, or systems with short but significant swings and peaks in energy needs. For example, designers may include snow melting heating systems for train platforms or they may build a buffer energy reservoir using PCMs to satisfy peak needs of cooling on a hot summer afternoon. The advantages in the former application would be to avoid running the geothermal system for heat loads at low temperatures over prolonged periods, which would not be as energy efficient and would require specially designed systems.

      Using phase change materials allows for the use of standard geothermal systems, which would then store energy in a PCM unit to supply heat at a constant temperature and at a uniform heat rate to, for example, melt the snow on train platforms. Once the energy in the PCM is nearly used the geothermal system would repower the PCM storage. The extra energy needs for peak periods could be stored in PCM Storage Tanks and then used to address such needs. For example, on a hot summer day, the PCM unit can be used to remove additional heat above the designed capacity of the geothermal system during temperature spikes, which generally last only a few hours. This then reduces the load on the geothermal system during peak hours when electricity cost is generally the highest.

      PCM Storage Tanks reduce the overall cost of the geothermal heat pump system significantly since it does not have to be designed to address peak heating/cooling needs. In addition, it also shifts energy loads from peak hours to non-peak hours. Figure Temperature Variation shows temperature variations for a typical summer day in July 2010 in Chicago. The high temperature of 90 degree lasted only for a short period of about 4 hours, and then returned to below 85 degrees rapidly. These relatively short temperature peaks can be easily managed by PCMs.

      Temperature Variation Temperature variation during a typical July day in Chicago. Source: Sohail Murad produced figure using data from Great Lakes Environmental Research Laboratory
            [image: Temperature Variation]
          

        
      
      In conclusion, geothermal heat pumps are a very attractive, cost efficient sustainable energy source for both heating and cooling with a minimal carbon print. It is a well-developed technology that can be easily incorporated into both residential and commercial buildings at either the design stage or by retrofitting buildings.

    
    
    Review Questions

      
        
          On what principle does a geothermal heat pump work? 

        

      

      
        
          What makes it more cost efficient than electrical heating or conventional furnaces?

        

      

      
        
          Are geothermal heat pumps suitable for moderate climates (e.g. Miami, FL)? Are conventional electrical or gas furnaces the only choices in these areas? 

        

      

    
  
  Glossary

    
      	geothermal energy

      	Energy from the earth.
      

    

    
      	heat pump

      	A device that allows heat to be removed at a lower temperature and supplied at a higher temperature, for example an air conditioner.
      

    

    
      	heat, ventilation and air conditioning systems (HVAC)

      	Systems such as furnaces and air conditioners that are commonly used in homes and commercial buildings.
      

    

    
      	phase change materials

      	Materials that can absorb and deliver larger amount of heat than common building materials because they can change their state (solid or liquid).
      

    

  

  
Electric and Plug-in Hybrids
in this module, the following topics are covered: 1) the traditional dependence of transportation on oil and the internal combustion engine, 2) alternatives to oil as a transportation fuel: hydrogen and electricity. 2) the dual use of oil and electricity in hybrid vehicles and their impact on energy efficiency and carbon emissions.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	outline the traditional dependence of transportation on oil and the internal combustion engine

        	understand two alternatives to oil as a transportation fuel: hydrogen and electricity

        	understand the dual use of oil and electricity in hybrid vehicles and their impact on energy efficiency and carbon emissions

      

    
    
    Introduction

      Since the early 20th Century, oil and the internal combustion engine have dominated transportation. The fortunes of oil and vehicles have been intertwined, with oil racing to meet the energy demands of the ever growing power and number of personal vehicles, vehicles driving farther in response to growing interstate highway opportunities for long distance personal travel and freight shipping, and greater personal mobility producing living patterns in far-flung suburbs that require oil and cars to function. In recent and future years, the greatest transportation growth will be in developing countries where the need and the market for transportation is growing rapidly. China has an emerging middle class that is larger than the entire population of the United States, a sign that developing countries will soon direct or strongly influence the emergence of new technologies designed to serve their needs. Beyond deploying new technologies, developing countries have a potentially large second advantage: they need not follow the same development path through outdated intermediate technologies taken by the developed world. Leapfrogging directly to the most advanced technologies avoids legacy infrastructures and long turnover times, allowing innovation and deployment on an accelerated scale.

      The internal combustion engine and the vehicles it powers have made enormous engineering strides in the past half century, increasing efficiency, durability, comfort and adding such now-standard features as air conditioning, cruise control, hands-free cell phone use, and global positioning systems. Simultaneously, the automobile industry has become global, dramatically increasing competition, consumer choice and marketing reach. The most recent trend in transportation is dramatic swings in the price of oil, the lifeblood of traditional vehicles powered with internal combustion engines.

    
    
    Hydrogen as an Alternative Fuel

      The traditional synergy of oil with automobiles may now be showing signs of strain. The reliance of vehicles on one fuel whose price shows strong fluctuations and whose future course is ultimately unsustainable presents long-term business challenges. Motivated by these business and sustainability concerns, the automobile industry is beginning to diversify to other fuels. Hydrogen made its debut in the early 2000s, and showed that it has the potential to power vehicles using fuel cells to produce on-board electricity for electric motors (Eberle and von Helmholt, 2010, Crabtree, Dresselhaus, & Buchanan, 2004). One advantage of hydrogen is efficiency, up to 50 percent or greater for fuel cells, up to 90 percent or greater for electric motors powering the car, compared with 25 percent efficiency for an internal combustion engine. A second advantage is reduced dependence on foreign oil – hydrogen can be produced from natural gas or from entirely renewable resources such as solar decomposition of water. A third potential advantage of hydrogen is environmental – the emissions from the hydrogen car are harmless: water and a small amount of heat, though the emissions from the hydrogen production chain may significantly offset this advantage.

      The vision of hydrogen cars powered by fuel cells remains strong. It must overcome significant challenges, however, before becoming practical, such as storing hydrogen on board vehicles at high densities, finding inexpensive and earth-abundant catalysts to promote the reduction of oxygen to water in fuel cells, and producing enough hydrogen from renewable sources such as solar driven water splitting to fuel the automobile industry (Crabtree & Dresselhaus, 2008). The hydrogen and electric energy chains for automobiles are illustrated in Figure Electric Transportation. Many scientists and automobile companies are exploring hydrogen as a long-term alternative to oil. 

       Electric Transportation Transportation is electrified by replacing the gasoline engine with an electric motor, powered by electricity from a battery on board the car (upper panel) or electricity from a fuel cell and hydrogen storage system on board the car (lower panel). For maximum effectiveness, both routes require renewable production of electricity or hydrogen. Source: George Crabtree using images from Rondol, skinnylawyer, Tinu Bao, U.S. Department of Energy, Office of Science
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    Electricity as an Alternative Fuel

      Electric cars represent a second alternative to oil for transportation, with many similarities to hydrogen (see Figure Electric Transportation). Electric vehicles are run by an electric motor, as in a fuel cell car, up to four times as efficient as a gasoline engine. The electric motor is far simpler than a gasoline engine, having only one moving part, a shaft rotating inside a stationary housing and surrounded by a coil of copper wire. Electricity comes from a battery, whose storage capacity, like that of hydrogen materials, is too small to enable long distance driving. Developing higher energy density batteries for vehicles is a major challenge for the electric car industry. The battery must be charged before driving, which can be done from the grid using excess capacity available at night, or during the day from special solar charging stations that do not add additional load to the grid. Because charging typically takes hours, a potentially attractive alternative is switching the battery out in a matter of minutes for a freshly charged one at special swapping stations. A large fleet of electric cars in the United States would require significant additional electricity, as much as 130 GW if the entire passenger and light truck fleet were converted to electricity, or 30 percent of average United States electricity usage in 2008.

      The energy usage of electric cars is about a factor of four less than for gasoline cars, consistent with the higher efficiency of electric motors over internal combustion engines. Although gasoline cars vary significantly in their energy efficiency, a "typical" middle of the road value for a five-passenger car is 80kWh/100km. A typical electric car (such as the Think Ox from Norway, the Chevy Volt operating in its electric mode, or the Nissan Leaf) uses ~ 20 kWh/100km. While the energy cost of electric cars at the point of use is significantly less, one must consider the cost at the point of production, the electricity generating plant. If the vehicle's electricity comes from coal with a conversion efficiency of 33 percent, the primary energy cost is 60 kWh/100km, approaching but still smaller than that of the gasoline car. If electricity is generated by combined cycle natural gas turbines with 60 percent efficiency, the primary energy cost is 33 kWh/100km, less than half the primary energy cost for gasoline cars. These comparisons are presented in Table Comparisons of Energy Use.

      Comparisons of Energy UseComparison of energy use for gasoline driven and battery driven cars, for the cases of inefficient coal generation (33%) and efficient combined cycle natural gas generation (60%) of electricity. Source: George Crabtree.
            
              	
              	Gasoline Engine 5 passenger car
              	Battery Electric Nissan Leaf, Chevy Volt (battery mode), Think Ox
            

            
              	Energy use at point of use
              	80 kWh/100km
              	20 kWh/100km
            

            
              	Energy use at point of production: Coal at 33% efficiency
              	
              	60 kWh/100km
            

            
              	Combined Cycle Natural Gas at 60% efficiency
              	
              	33 kWh/100km
            

          

      
      Comparisons of Carbon EmissionsComparison of carbon emissions from gasoline driven and battery driven cars, for the cases of high emission coal generation (2.1 lb CO2/kWh), lower emission natural gas (1.3 lbCO2/kWh) and very low emission nuclear, hydro, wind or solar electricity. Source: George Crabtree.
            
              	
              	Gasoline Engine 5 passenger car
              	Battery Electric Nissan Leaf, Chevy Volt (battery mode), Think Ox
            

            
              	CO2 Emissions at point of use
              	41 lbs
              	~ 0
            

            
              	CO2 Emissions at point of production Coal@2.1 lb CO2/kWh
              	
              	42 lbs
            

            
              	Gas@1.3 lb CO2/kWh
              	
              	25 lbs
            

            
              	Nuclear, hydro, wind or solar
              	
              	< 1 lb
            

          

      
      The carbon footprint of electric cars requires a similar calculation. For coal-fired electricity producing 2.1 lb CO2/kWh, driving 100km produces 42 lbs (19 kgs) of carbon dioxide; for gas-fired electricity producing 1.3 lb CO2/kWh, 100km of driving produces 26 lbs (11.7 kgs) of carbon dioxide. If electricity is produced by nuclear or renewable energy such as wind, solar or hydroelectric, no carbon dioxide is produced. For a "typical" gasoline car, 100km of driving produces 41 lbs (18.5 kgs) of carbon dioxide. Thus the carbon footprint of a "typical" electric car is, at worst equal, to that of a gasoline car and, at best, zero. Table Comparisons of Carbon Emissions summarizes the carbon footprint comparisons.

    
    
    The Hybrid Solutions

      Unlike electric cars, hybrid vehicles rely only on gasoline for their power. Hybrids do, however, have a supplemental electric motor and drive system that operates only when the gasoline engine performance is weak or needs a boost: on starting from a stop, passing, or climbing hills. Conventional gasoline cars have only a single engine that must propel the car under all conditions; it must, therefore, be sized to the largest task. Under normal driving conditions the engine is larger and less efficient than it needs to be. The hybrid solves this dilemma by providing two drive trains, a gasoline engine for normal driving and an electric motor for high power needs when starting, climbing hills and passing. The engine and motor are tailored to their respective tasks, enabling each to be designed for maximum efficiency. As the electric motor is overall much more efficient, its use can raise fuel economy significantly.

      The battery in hybrid cars has two functions: it drives the electric motor and also collects electrical energy from regenerative braking, converted from kinetic energy at the wheels by small generators. Regenerative braking is effective in start-stop driving, increasing efficiency up to 20 percent. Unlike gasoline engines, electric motors use no energy while standing still; hybrids therefore shut off the gasoline engine when the car comes to a stop to save the idling energy. Gasoline engines are notoriously inefficient at low speeds (hence the need for low gear ratios), so the electric motor accelerates the hybrid to ~15 mph (24 kph) before the gasoline engine restarts. Shutting the gasoline engine off while stopped increases efficiency as much as 17 percent.

      The energy saving features of hybrids typically lower their energy requirements from 80 kWh/100km to 50-60 kWh/100km, a significant savings. It is important to note, however, that despite a supplementary electric motor drive system, all of a hybrid's energy comes from gasoline and none from the electricity grid.

      The plug-in hybrid differs from conventional hybrids in tapping both gasoline and the electricity grid for its energy. Most plug-in hybrids are designed to run on electricity first and on gasoline second; the gasoline engine kicks in only when the battery runs out. The plug-in hybrid is thus an electric car with a supplemental gasoline engine, the opposite of the conventional hybrid cars described above. The value of the plug-in hybrid is that it solves the "driving range anxiety" of the consumer: there are no worries about getting home safely from a trip that turns out to be longer than expected. The disadvantage of the plug-in hybrid is the additional supplemental gasoline engine technology, which adds cost and complexity to the automobile.

    
    
    The Battery Challenge

      To achieve reasonable driving range, electric cars and plug-in hybrids need large batteries, one of their greatest design challenges and a potentially significant consumer barrier to widespread sales. Even with the largest practical batteries, driving range on electricity is limited, perhaps to ~100km. Designing higher energy density batteries is currently a major focus of energy research, with advances in Li-ion battery technology expected to bring significant improvements. The second potential barrier to public acceptance of electric vehicles is charging time, up to eight hours from a standard household outlet. This may suit overnight charging at home, but could be a problem for trips beyond the battery's range – with a gasoline car the driver simply fills up in a few minutes and is on his way. Novel infrastructure solutions such as battery swapping stations for long trips are under consideration.

      From a sustainability perspective, the comparison of gasoline, electric, hybrid and plug-in hybrid cars is interesting. Hybrid cars take all their energy from gasoline and represent the least difference from gasoline cars. Their supplementary electric drive systems reduce gasoline usage by 30-40 percent, thus promoting conservation of a finite resource and reducing reliance on foreign oil. Electric cars, however, get all of their energy from grid electricity, a domestic energy source, completely eliminating reliance on foreign oil and use of finite oil resources. Their sustainability value is therefore higher than hybrids. Plug-in hybrids have the same potential as all electric vehicles, provided their gasoline engines are used sparingly. In terms of carbon emissions, the sustainability value of electric vehicles depends entirely on the electricity source: neutral for coal, positive for gas and highly positive for nuclear or renewable hydro, wind or solar. From an energy perspective, electric cars use a factor of four less energy than gasoline cars at the point of use, but this advantage is partially compromised by inefficiencies at the point of electricity generation. Even inefficient coal-fired electricity leaves an advantage for electric cars, and efficient gas-fired combined cycle electricity leaves electric cars more than a factor of two more energy efficient than gasoline cars.

    
    
    Summary

      Electricity offers an attractive alternative to oil as a transportation fuel: it is domestically produced, uses energy more efficiently, and, depending on the mode of electricity generation, can emit much less carbon. Electric vehicles can be powered by fuel cells producing electricity from hydrogen, or from batteries charged from the electricity grid. The hydrogen option presents greater technological challenges of fuel cell cost and durability and high capacity on-board hydrogen storage. The battery option is ready for implementation in the nearer term but requires higher energy density batteries for extended driving range, and a fast charging or battery swapping alternative to long battery charging times.

    
    
    Review Questions

      
        
          Transportation relies almost exclusively for its fuel on oil, whose price fluctuates significantly in response to global geopolitics and whose long-term availability is limited. What are the motivations for each of the stakeholders, including citizens, companies and governments, to find alternatives to oil as a transportation fuel?

        

      

      
        
          Electricity can replace oil as a transportation fuel in two ways: by on board production in a hydrogen fuel cell, and by on board storage in a battery. What research and development, infrastructure and production challenges must be overcome for each of these electrification options to be widely deployed?

        

      

      
        
          Electric- and gasoline-driven cars each use energy and emit carbon dioxide. Which is more sustainable?

        

      

      
        
          How do gasoline-driven, battery-driven and hybrid cars (like the Prius) compare for (i) energy efficiency, (ii) carbon emissions, and (iii) reducing dependence on foreign oil?
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  Glossary

    
      	Energy Density

      	The energy contained in a volume or mass divided by the volume or mass it occupies. High energy density materials pack a large energy into a small space or mass; low energy density materials require more space or mass to store the same amount of energy. The electrical energy of batteries is at the low end of the energy density scale, the chemical energy of gasoline is at the high end, approximately a factor of 30-50 larger than batteries.
      

    

    
      	Hybrid Vehicle

      	A car that contains two drive systems, one based on the internal combustion engine and one on the electric motor. Conventional hybrids, such as the Toyota Prius, use the electric motor only when high power is needed: starting from a stop, passing, and going uphill. The electricity to run the motor is generated on board by an alternator powered by the internal combustion engine and by regenerative breaking. Plug-in hybrids such as the Chevy Volt, in contrast, use the electric motor as the main drive for the car, relying on the gasoline engine only when the battery is low or empty.
      

    

    
      	Internal Combustion Engine

      	The engine that converts the chemical energy of gasoline into the mechanical energy of motion, by exploding small amounts of fuel in the confined space of fixed cylinder containing a moving piston. A precise amount of fuel must be metered in, and a spark created at a precise moment in the piston's journey to produce the maximum explosive force to drive the piston. The internal combustion engine is an engineering marvel (the word engineering celebrates it) perfected over more than a century. In contrast, the electric motor is much simpler, more efficient and less expensive for the same power output. 
      

    

    
      	Point of Production

      	The first (or at least an early) step in the energy chain, where the energy that ultimately will perform a function at the point of use is put into its working form. For gasoline-driven cars, this is the refinery where gasoline is produced from crude oil, for battery-driven cars this is the power generation plant were electricity is produced. Gasoline is then delivered to the pump and finally to the car, where it is converted (the point of use) to mechanical motion by the engine. Similarly, electricity is delivered to the battery of an electric car by the grid, and converted by the electric motor of the car (the point of use) to mechanical motion. 
      

    

    
      	Point of Use

      	The last step in the energy chain, where energy accomplishes its intended function. For vehicles, this is the conversion of chemical energy in gasoline cars or electric energy in battery cars to motion of the wheels that moves the car along the road.
      

    

  

  
Combined Heat and Power
In this module, the following topics are covered: 1) combined heat and power (CHP) as an alternative energy source, 2) CHP component characteristics and operational benefits, 3) the characteristics of good CHP applications.

    
    Learning Objectives

      After reading this module, students should be able to

      
        	define combined heat and power (CHP) as an alternative energy source

        	provide CHP component characteristics and operational benefits

        	outline the characteristics of good CHP applications

      

    
    
    Introduction

      Electricity in the United States is generated, for the most part, from central station power plants at a conversion efficiency of roughly 30 to 35 percent. Meaning, for every 100 units of fuel energy into a simple cycle central station electric power plant, we get only 30 to 35 units of electricity. The remainder of the energy in the fuel is lost to the atmosphere in the form of heat.

      The thermal requirements of our buildings and facilities are generally provided on-site through the use of a boiler or furnace. The efficiencies of this equipment have improved over the years and now it is common to have boilers and furnaces in commercial and industrial facilities with efficiencies of 80 percent and higher. Meaning, for every 100 units of fuel energy into the boiler/furnace, we get about 80 units of useful thermal energy.

      Commercial and industrial facilities that utilize the conventional energy system found in the United States (electricity supplied from the electric grid and thermal energy produced on-site through the use of a boiler/furnace) will often times experience overall fuel efficiencies of between 40 to 55 percent (actual efficiency depends on the facilities heat to power ratio).

      Combined Heat and Power (CHP) is a form of distributed generation. It is an integrated system located at or near the building/facility that generates utility grade electricity which satisfies at least a portion of the electrical load of the facility, and captures and recycles the waste heat from the electric generating equipment to provide useful thermal energy to the facility.

      Conventional CHP (also referred to as topping cycle CHP) utilizes a single dedicated fuel source to sequentially produce useful electric and thermal power. Figure Conventional (Topping Cycle) CHP provides a diagram of a typical topping cycle CHP system. A variety of fossil fuels, renewable fuels, and waste products are utilized as input fuel to power a prime mover that generates mechanical shaft power (exception is fuel cells). Prime movers might include reciprocating engines, gas turbines, steam turbines or fuel cells. The mechanical shaft power is converted into utility grade electricity through a highly efficient generator. Since the CHP system is located at or near the building/facility, the heat lost through the prime mover can be recycled through a heat exchanger and provide heating, cooling (absorption chillers), and/or dehumidification (desiccants) to meet the thermal load of the building. These systems can reach fuel use efficiencies of as high as 75 to 85 percent (versus the conventional energy system at approximately 40 to 55 percent).

      Conventional (Topping Cycle) CHP Diagram illustrates a typical topping cycle of CHP systems. Source: John Cuttica
            [image: Conventional (Topping Cycle) CHP]
          

        
      
      In our example of 100 units of fuel into the CHP system, only 30 to 35 units of electricity are generated, but another 40 to 50 units of the fuels energy can be recovered and utilized to produce thermal power. What this tells us is that for conventional CHP systems to reach the high efficiency level, there must be a use for the recovered thermal energy. Thus a key factor for conventional CHP systems is the coincidence of electric and thermal loads in the building. This is shown in Figure Importance of Waste Heat Recovery. The “Y” axis represents the cost of generating electricity with a CHP system utilizing a 32 percent efficient reciprocating engine. The “X” axis represents the cost of natural gas utilized to operate the CHP system and also the value of the natural gas being displaced if the recycled heat from the engine can be utilized. The lines in the chart show various levels of recoverable heat available from the engine. If no heat is recovered (no use for the thermal energy), the cost of generating electricity with the CHP system is $0.08/kWhr. When the full amount of heat from the engine is recovered (full use of the thermal energy), the cost of generating electricity with the CHP system then drops to $0.03/kWhr.

      Importance of Waste Heat Recovery Graph shows the importance of waste heat recovery in CHP systems. Source: John Cuttica
            [image: Importance of Waste Heat Recovery]
          

        
      
      Since the high efficiency of a CHP system is dependent on the effective use of the recoverable heat, CHP systems are often times sized to meet the thermal load of the application and the amount of electricity produced is the by-product. The electricity is used to off set the electricity otherwise purchased from the local electric utility. When the CHP system does not produce enough electricity to satisfy the load, the utility supplies the difference from the grid. When the CHP system (sized from the thermal requirements) produces more electricity than the load requires, the excess electricity can be sold to the local utility (normally at the avoided cost of power to the utility).

      There are three general modes of operation for CHP on-site generators relative to the electric utility grid:

      
        	Stand Alone (totally isolated from the grid)

        	Isolated from the grid with utility back-up (when needed)

        	Parallel operation with the grid

      

      The preferred mode of operation is parallel with the grid. Both the on-site CHP system and the utility grid power the facility simultaneously. With a proper sizing and configuration of the CHP system, the parallel mode of operation provides the most flexibility. Should the grid go down, the CHP system can keep operating (e.g. during the 2003 Northeast Blackout and the 2005 Hurricane Katrina), and should the CHP system go down, the utility grid can supply power to the load. Overall reliability of power to the load is increased.

      The basic components of a conventional (topping cycle) CHP system are:

      
        	Prime Mover that generates mechanical shaft energy	Reciprocating engine
	Turbines (gas, micro, steam)
	Fuel Cell (fuel cells ustilize an electrochemical process rather than a mechanical shaft process)



        	Generator converts the mechanical shaft energy into electrical energy	Synchronous generator (provides most flexibility and independence from the grid)
	Induction generator (grid goes down – the CHP system stops operating)
	Inverter (used mainly on fuel cells – converts DC power to utility grade AC power) 



        	Waste Heat Recovery is one or more heat exchangers that capture and recycle the heat from the prime mover

        	Thermal Utilization equipment converts the recycled heat into useful heating, cooling (absorption chillers) and/or dehumidification (deisiccant dehumidifiers)

        	Operating Control Systems insure the CHP components function properly together

      

    
    
    Reducing CO2 Emissions

      In 2007, McKinsey & Company published a study on reducing United States greenhouse gas emissions. The report analyzed the cost and potential impact of over 250 technology options regarding contribution to reducing CO2 emissions. Two conclusions stated in the report were:

      
        	Abatement opportunities are highly fragmented and spread across the economy.

        	Almost 40 percent of abatement could be achieved at negative marginal costs.

      

      Figure Cost of CO2 Reduction Technologies emphasizes both of these points. It is interesting to point out that CHP (both industrial and commercial applications), when sized and installed appropriately, delivers CO2 reductions at a negative marginal cost. All the technologies that show a negative marginal cost on the chart generate positive economic returns over the technology’s life cycle. The figure also shows that in terms of cost effectiveness of the wide range of abatement technologies, energy efficiency measures are by far more effective than renewable, nuclear and clean coal generating technologies. CHP technologies stand out as having negative marginal costs and overall positive cost effectiveness comparable to most of the energy efficiency measures.

      Cost of CO2 Reduction Technologies Figure shows the cost of CO2 reduction technologies. Source: Oak Ridge National Laboratory (2008), p. 13, and McKinsey & Company, “Reducing U.S. Greenhouse Gas Emissions: How Much at What Cost?,” December, 2007
            [image: Cost of CO2 Reduction Technologies]
          

        
      
    
    
    CHP Applications

      Today there are more than 3,500 CHP installations in the United States, totaling more than 85,000 MW of electric generation. That represents approximately 9 percent of the total electric generation capacity in the United States. The 85,000 MW of installed CHP reduces energy consumption by 1.9 Quads (1015 Btus) annually and eliminates approximately 248 million metric tons (MMT) of CO2 annually.

      CHP systems are generally more attractive for applications that have one or more of the following characteristics:

      
        	Good coincidence between electric and thermal loads

        	Maximum cost differential between electricity cost from the local utility and the cost of the fuel utilized in the CHP system (referred to as spark spread)

        	Long operating hours (normally more than 3,000 hours annually)

        	Need for good power quality and reliability

      

      The following are just a few of the type applications where CHP makes sense: 

      
        	Hospitals

        	Colleges and Universities

        	High Schools

        	Fitness Centers

        	Office Buildings

        	Hotels

        	Data Centers

        	Prisons

        	Pulp and Paper Mills

        	Chemical Manufacturing Plants

        	Metal Fabrication Facilities

        	Glass Manufacturers

        	Ethanol Plants

        	Food Processing Plants

        	Waste Water Treatment Facilities

        	Livestock Farms

      

    
    
    CHP Benefits

      CHP is not the only solution to our energy problems. In fact, CHP is not the most cost effective solution in all applications or in all areas of the country. There are many variables that determine the viability of CHP installations. However, when the technical and financial requirements of the application are met, a well designed, installed and operated CHP system provides benefits for the facility owner (end user), the electric utility, and society in general. The high efficiency attained by the CHP system provides the end user with lower overall energy costs, improved electric reliability, improved electric power quality, and improved energy security. In areas where the electric utility distribution grid is in need of expansion and/or upgrades, CHP systems can provide the electric utility with a means of deferring costly modifications to the grid. Although the electricity generated on-site by the end user displaces the electricity purchased from the local electric utility and is seen as lost revenue by many utilities, energy efficiency and lower utility costs are in the best interest of the utility customer and should be considered as a reasonable customer option by forward-looking customer oriented utilities. Finally, society in general benefits from the high efficiencies realized by CHP systems. The high efficiencies translate to less air pollutants (lower greenhouse gas and NOx emissions) than produced from central station electric power plants.

    
    
    Waste Heat to Power

      There is a second type of CHP system, referred to as Waste Heat to Power (Bottoming Cycle CHP). Unlike conventional CHP where a dedicated fuel is combusted in a prime mover, Waste Heat to Power CHP systems captures the heat otherwise wasted in an industrial or commercial process. The waste heat, rather than the process fuel, becomes the fuel source for the waste heat to power system. It is used to generate steam or hot water, which in turn is utilized to drive a steam turbine or (for lower temperatures) an organic rankine cycle heat engine. In this case, the waste heat from the industrial/commercial process is converted to electric power. Figure Waste Heat to Power (Bottoming Cycle) CHP provides a diagram of a Waste Heat to Power CHP system.

      Waste Heat to Power (Bottoming Cycle) CHP Diagram illustrates a waste heat to power (bottoming cycle) CHP system. Source: John Cuttica
            [image: Waste Heat to Power (Bottoming Cycle) CHP]
          

        
      
    
    
    Summary

      Combined Heat and Power (CHP) represents a proven and effective near-term alternative energy option that can enhance energy efficiency, ensure environmental quality, and promote economic growth. The concept of generating electricity on-site allows one to capture and recycle the waste heat from the prime mover providing fuel use efficiencies as high as 75 to 85 percent. Like other forms of alternative energy, CHP should be considered and included in any portfolio of energy options.

    
    
    Review Questions

      
        
          What drives the system efficiency in a conventional CHP system?

        

      

      
        
          To ensure high system efficiency, how would you size a conventional CHP system?

        

      

      
        
          What is the preferred method of operating a CHP system that provides the most flexibility with the utility grid?

        

      

      
        
          Why are CHP systems considered one of the most cost-effective CO2 abatement practices?

        

      

      
        
          Name at least three application characteristics that make CHP an attractive choice.

        

      

    
    
    Resources

      For more information on Combined Heat and Power and Waste Heat to Power, see www.midwestcleanenergy.org
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  Glossary

    
      	Absorption Chiller

      	Utilizes heat instead of mechanical energy to provide cooling. A thermal compressor (fueled by the waste heat from the CHP system) is used in place of an electrically powered mechanical compressor in the refrigeration process.
      

    

    
      	Avoided Cost of Power

      	The marginal cost for a utility to produce one more unit of power.
      

    

    
      	Combined Heat and Power (CHP)

      	An integrated system, located at or near the building or facility, that generates utility grade electricity which satisfies at least a portion of the electrical load of the facility and captures/ recycles the waste heat from the electric generating equipment to provide useful thermal energy to the facility. 
      

    

    
      	Conventional CHP (Topping Cycle CHP)

      	Utilizes a single dedicated fuel source to sequentially produce useful electric and thermal power.
      

    

    
      	Desiccant Dehumidification

      	Process that removes moisture (latent load) from a building air stream by passing the air over a desiccant wheel (normally a silica gel). The recovered heat from a CHP system is utilized to regenerate the desiccant by driving the moisture off the desiccant wheel to the outside.
      

    

    
      	Fuel Cell

      	An exothermic electrochemical reaction that combines hydrogen and oxygen ions through an electrolyte material to generate electricity (DC) and heat.
      

    

    
      	Gas Turbine

      	An internal-combustion engine consisting essentially of an air compressor, combustion chamber, and turbine wheel that is turned by the expanding products of combustion.
      

    

    
      	Induction Generator

      	Converts the mechanical shaft power from the CHP prime mover to utility grade Alternating Current Power. An induction generator can only operate when connected to an external reactive power source (normally provided by the utility grid). 
      

    

    
      	Inverter

      	Converts Direct Current electric power into utility grade Alternating Current electric power. Normally used with fuel cell systems.
      

    

    		
      	Organic Rankine Cycle (ORC)

      	Uses an organic, high molecular mass fluid with a liquid-vapor phase change or boiling point occurring at a lower temperature than the water-steam phase change. The fluid allows rankine cycle heat recovery from lower temperature sources where the heat is converted into useful work, which can then be converted into electricity.
      

    

    
      	Prime Mover

      	The term utilized to denote the CHP system equipment that converts input fuel into mechanical shaft power (reciprocating engine, gas turbine, steam turbine, micro-turbine). 
      

    

    
      	Reciprocating Engine

      	A heat engine that uses one or more reciprocating pistons to convert pressure into mechanical rotating shaft power.
      

    

    
      	Steam Turbine

      	Utilizes the Rankine Cycle to extract heat from steam and transform the heat into mechanical shaft power by expanding the steam from high pressure to low pressure through the turbine blades. 
      

    

    
      	Synchronous Generator

      	Converts the mechanical shaft power from the CHP prime mover to utility grade Alternating Current Power. A synchronous generator is self-exciting (contains its own source of reactive power) and can operate independent of, or isolated from, the utility grid.
      

    

    
      	Waste Heat to Power (Bottoming Cycle CHP)

      	Captures the waste heat generated by an industrial or commercial process, utilizing the waste heat as the free fuel source for generating electricity. 
      

    

  

  
Life Cycle Assessment
In this module, the following topics are covered: 1) problem solving in a systematic and holistic manner, 2) the basic elements of life cycle analysis, and 3) the available tools for conducting life cycle analysis.

      
      Learning Objectives

        After reading this module, students should be able to
	learn to view problem solving in a systematic and holistic manner

	understand the basic elements of industrial ecology and life cycle analysis

	become aware of available tools for conducting life cycle analysis

        

      
      
      Problem Solving for Sustainability

        It should be clear by now that making decisions and solving problems in support of greater sustainability of human-created systems and their impact on the natural environment is a complex undertaking. Often in modern life our decisions and designs are driven by a single goal or objective (e.g. greater monetary profitability, use of less energy, design for shorter travel times, generation of less waste, or reduction of risk), but in most cases solving problems sustainably requires a more holistic approach in which the functioning of many parts of the system must be assessed simultaneously, and multiple objectives must be integrated when possible. Furthermore, as noted in the Brundtland Report (or see Chapter Introduction to Sustainability: Humanity and the Environment), often our decisions require the recognition of tradeoffs – there are many kinds of impacts on the environment and most decisions that we make create more than one impact at the same time. Of course choices must be made, but it is better if they are made with fuller knowledge of the array of impacts that will occur. The history of environmental degradation is littered with decisions and solutions that resulted in unintended consequences.

        An illustrative example of the role of sustainability in solving problems is the issue of biofuels – turning plant matter into usable energy (mostly liquid hydrocarbon-based fuels). When viewed from afar and with a single goal, “energy independence,” using our considerable agricultural resources to turn solar energy, via photosynthesis, into usable fuels so that we can reduce our dependence on imported petroleum appears to be quite attractive. The United States is the largest producer of grain and forest products in the world. It has pioneered new technologies to maintain and even increase agricultural productivity, and it has vast processing capabilities to create artificial fertilizer and to convert biomass into agricultural products (see Module Renewable Energy: Solar, Wind, Hydro and Biomass). And, after all, such a venture is both “domestic” and “natural” – attributes that incline many, initially at least, to be favorably disposed. However upon closer examination this direction is not quite as unequivocally positive as we might have thought. Yes it is possible to convert grain into ethanol and plant oils into diesel fuel, but the great majority of these resources have historically been used to feed Americans and the animals that they consume (and not just Americans; the United States is the world’s largest exporter of agricultural products). As demand has increased, the prices for many agricultural products have risen, meaning that some fraction of the world’s poor can no longer afford as much food. More marginal lands (which are better used for other crops, grazing, or other uses) have been brought under cultivation for fermentable grains, and there have been parallel “indirect” consequences globally – as the world price of agricultural commodities has risen, other countries have begun diverting land from existing uses to crops as well. Furthermore, agricultural runoff from artificial fertilizers has contributed to over 400 regional episodes of hypoxia in estuaries around the world, including the U.S. Gulf Coast and Chesapeake Bay.

        In response to such problems, U.S. Congress passed the Energy Independence and Security Act in 2007, which limits the amount of grain that can be converted into biofuels in favor of using agriculturally-derived cellulose, the chief constituent of the cell walls of plants. This has given rise to a large scientific and technological research and development program to devise economical ways to process cellulosic materials into ethanol, and parallel efforts to investigate new cellulosic cropping systems that include, for example, native grasses. Thus, the seemingly simple decision to grow our biofuels industry in response to a political objective has had unintended political, financial, dietary, social, land use, environmental quality, and technological consequences.

        With hindsight, the multiple impacts of biofuels have become clear, and there is always the hope that we can learn from examples like this. But we might also ask if there is a way to foresee all or at least some of these impacts in advance, and adjust our designs, processes, and policies to take them into account and make more informed decisions, not just for biofuels but also for complex societal problems of a similar nature. This approach is the realm of the field of industrial ecology, and the basis for the tool of life cycle assessment (LCA), a methodology that has been designed to perform holistic analyses of complex systems.

      
      
      Industrial Ecology
Many systems designed by humans focus on maximizing profitability for the firm, business or corporation. In most cases this means increasing production to meet demand for the products or services being delivered. An unfortunate byproduct of this is the creation of large amounts of waste, many of which have significant impacts if they enter the environment. Figure Human-Designed Industry is a general-purpose diagram of a typical manufacturing process, showing the inputs of materials and energy, the manufacturing of products, and the generation of wastes (the contents of the “manufacturing box” are generic and not meant to depict any particular industry—it could be a mine, a factory, a power plant, a city, or even a university). What many find surprising is the large disparity between the amounts of waste produced and the quantity of product delivered. Table Waste-to-Product Ratios for Selected Industries provides such information, in the form of waste-to-product ratios, for a few common industries.

	            Human-Designed Industry Generic representation of a human-designed industry.Source: Theis, T.
              [image: Human-Designed Industry]
            

            
          
	  That industrial systems designed to maximize production and/or profits while ignoring wastes should be so materially inefficient is not surprising. As noted in the Module Sustainability and Public Policy, the impacts of wastes on human health and the environment have historically been ignored, or steeply underpriced, so that little incentive has existed to limit waste production. More recently laws have been enacted that attempt to force those responsible for waste emissions into a more appropriate accounting (see Chapters Environmental and Resource Economics and Modern Environmental Management for a fuller treatment of the laws, regulations, and practices used to incorporate society’s costs into the production chain). Once realistic costs are assigned to the waste sector, manufacturers are quick to innovate and investigate ways to eliminate them.
	  

	  Waste-to-Product Ratios for Selected Industries: Table shows the waste to product ratios for six common industries. Source: Theis, T.
  
    	Industrial Sector
    	Waste-to-Product Ratio
  


  
    	Automobiles
    	2/1 (up to 10/1 if consumer use is included)
  

  
    	Paper
    	10/1
  

  
    	Basic Metals (e.g. Steel and Aluminum)
    	30-50/1
  

  
    	Chemicals
    	0.1-100/1
  

  
    	Nanostructured materials (e.g. computer chips)
    	700-1700/1
  

  
    	Modern Agriculture
    	~4/1
  


In 1989, Robert Frosch & Nicholas Gallopoulos, who worked in the General Motors Research Laboratory, published an important analysis of this problem in Scientific American (Frosch and Gallopoulos, 1989). Their paper was entitled “Strategies for Manufacturing”; in it they posed a critical question: Why is it that human-designed manufacturing systems are so wasteful, but systems in nature produce little, if any, waste? Although there had been many studies on ways to minimize or prevent wastes, this was the first to seek a systemic understanding of what was fundamentally different about human systems in distinction to natural systems. The paper is widely credited with spawning the new field of Industrial Ecology, an applied science that studies material and energy flows through industrial systems. Industrial Ecology is concerned with such things as closing material loops (recycling and reuse), process and energy efficiency, organizational behavior, system costs, and social impacts of goods and services. A principle tool of Industrial Ecology is life cycle assessment.
Life Cycle Assessment Basics

        LCA is a systems methodology for compiling and evaluating information on materials and energy as they flow through a product or service manufacturing chain. It grew out of the needs of industry, in the early 1960s, to understand manufacturing systems, supply chains, and market behavior, and make choices among competing designs, processes, and products. It was also applied to the evaluation of the generation and emission of wastes from manufacturing activities. During the 1970s and 1980s general interest in LCA for environmental evaluation declined as the nation focused on the control of toxic substances and remediation of hazardous waste sites (see Chapters The Evolution of Environmental Policy in the United States and Modern Environmental Management), but increasing concern about global impacts, particularly those associated with greenhouse gas emissions, saw renewed interest in the development of the LCA methodology and more widespread applications.

        LCA is a good way to understand the totality of the environmental impacts and benefits of a product or service. The method enables researchers and practitioners to see where along the product chain material and energy are most intensively consumed and waste produced. It allows for comparisons with conventional products that may be displaced in commerce by new products, and helps to identify economic and environmental tradeoffs.

        LCA can facilitate communication of risks and benefits to stakeholders and consumers (e.g. the “carbon footprint” of individual activities and life styles). Perhaps most importantly of all, LCA can help to prevent unintended consequences, such as creating solutions to problems that result in the transferal of environmental burdens from one area to another, or from one type of impact to another.

        A complete LCA assessment defines a system as consisting of four general stages of the product or service chain, each of which can be further broken down into substages:

        
          	Acquisition of materials (through resource extraction or recycled sources)

          	Manufacturing, refining, and fabrication

          	Use by consumers

          	End-of-life disposition (incineration, landfilling, composting, recycling/reuse)

        

        Each of these involves the transport of materials within or between stages, and transportation has its own set of impacts.

        In most cases, the impacts contributed from each stage of the LCA are uneven, i.e. one or two of the stages may dominate the assessment. For example, in the manufacture of aluminum products it is acquisition of materials (mining), purification of the ore, and chemical reduction of the aluminum into metal that create environmental impacts. Subsequent usage of aluminum products by consumers contributes very few impacts, although the facilitation of recycling of aluminum is an important step in avoiding the consumption of primary materials and energy. In contrast, for internal combustion-powered automobiles, usage by consumers creates 70-80% of the life cycle impacts. Thus, it is not always necessary that the LCA include all stages of analysis; in many cases it is only a portion of the product/service chain that is of interest, and often there is not enough information to include all stages anyway. For this reason there are certain characteristic terminologies for various “scopes” of LCAs that have emerged:

        
          	Cradle-to-grave: includes the entire material/energy cycle of the product/material, but excludes recycling/reuse.

          	Cradle-to-cradle: includes the entire material cycle, including recycling/reuse.

          	Cradle-to-gate: includes material acquisition, manufacturing/refining/fabrication (factory gate), but excludes product uses and end-of-life.

          	Gate-to-gate: a partial LCA looking at a single added process or material in the product chain.

          	Well-to-wheel: a special type of LCA involving the application of fuel cycles to transportation vehicles.

          	Embodied energy: A cradle-to-gate analysis of the life cycle energy of a product, inclusive of the latent energy in the materials, the energy used during material acquisition, and the energy used in manufacturing intermediate and final products. Embodied energy is sometimes referred to as “emergy”, or the cumulative energy demand (CED) of a product or service.

        

      
      
      LCA Methodology 

        Over time the methodology for conducting Life Cycle Analyses (LCAs) has been refined and standardized; it is generally described as taking place in four steps: scoping, inventory, impact assessment, and interpretation. The first three of these are consecutive, while the interpretation step is an ongoing process that takes place throughout the methodology. Figure General Framework for Life Cycle Assessment illustrates these in a general way. 

        General Framework for Life Cycle Assessment The four steps of life cycle assessment and their relationship to one another. Source: Mr3641 via Wikipedia
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        Scoping

          Scoping is arguably the most important step for conducting an LCA. It is here that the rationale for carrying out the assessment is made explicit, where the boundaries of the system are defined, where the data quantity, quality, and sources are specified, and where any assumptions that underlie the LCA are stated. This is critically important both for the quality of the resultant analysis, and for comparison among LCAs for competing or alternative products.

        
        Inventory Analysis
The inventory analysis step involves the collection of information on the use of energy and various materials used to make a product or service at each part of the manufacturing process. If it is true that scoping is the most important step in an LCA then the inventory is probably the most tedious since it involves locating, acquiring, and evaluating the quality of data and specifying the sources of uncertainties that may have arisen. For products that have been produced for a long time and for which manufacturing processes are well known, such as making steel, concrete, paper, most plastics, and many machines, data are readily available. But for newer products that are either under development or under patent protection, data are often considered proprietary and are generally not shared in open sources. Uncertainty can arise because of missing or poorly documented data, errors in measurement, or natural variations caused by external factors (e.g., weather patterns can cause considerable variation in the outputs of agricultural systems or the ways that consumers use products and services can cause variability in the emission of pollutants and the disposition of the product at end of life). Often the manufacturing chain of a process involves many steps resulting in a detailed inventory analysis. Figure Detailed System Flow Diagram for Bar Soap, for example, shows the manufacturing flow for a bar of soap (this diagram is for making bar soap using saponification—the hydrolysis of triglycerides using animal fats and lye). The inventory requires material and energy inputs and outputs for each of these steps, although it may turn out that some steps contribute little to the ultimate impact analysis. For example, the inventory associated with capital equipment for a manufacturing process, i.e. machines that are replaced at lengthy intervals such that their impacts in the short term are minimal, are often omitted from the analysis.

          There are two additional aspects of LCA that should also be addressed during inventory analysis: the functional unit of comparison, and the allocation of inventory quantities among co-products or services. The functional unit is the basis for comparing two or more products, processes, or services that assure equality of the function delivered. This may seem like a straightforward task. For example, for the soap produced by the process of Figure Detailed System Flow Diagram for Bar Soap, one might choose “one bar of soap” as a functional unit of comparison. But then how would a LCA comparison be made with, say, liquid hand soap or a body wash product (which combines the functionality of soap and shampoo)? Perhaps “number of washings” would be a better choice, or maybe concentration of surfactant made available per average use (in the latter case an “average dose” would need to be defined). Furthermore, soaps have other additives and attributes such as scents, lotions, colors, and even the functionality of the shape – factors that may not affect cleaning effectiveness but certainly do have an impact on consumer preferences, and hence quantity sold. Since it is quite likely that essentially all soaps purchased by consumers will eventually be washed down the drain, such marketability factors may indeed have an environmental impact.

          Inventory data are virtually always sought for a total supply-manufacturing-consumer-use chain rather than individual products, thus when that same chain produces multiple products it is necessary to allocate the materials, energy, and wastes among them. Again, referring to Figure Detailed System Flow Diagram for Bar Soap, there are potentially several co-products produced: tallow and other animal products, forest products, cardboard and paper, and salable scrap. There are generally three ways to allocate materials and energy among co-products: mass, volume, and economic value. Mass and volume allocations are the most straightforward, but may not capture market forces that are important in bringing materials into the environment. Allocation via economic valuation usually reflects the value of the energy and any “value added” to the raw materials, but may miss the impacts of the materials themselves. In addition, market values may fluctuate over time. In the final analysis the important aspect of any allocation procedure is that it be fully documented.

          Detailed System Flow Diagram for Bar Soap The manufacturing flow for a bar of soap (this diagram is for making bar soap using saponification—the hydrolysis of triglycerides using animal fats and lye). Source: (U.S. Environmental Protection Agency, 2006)
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        Impact Assessment

          The life cycle impact assessment (LCIA) takes the inventory data on material resources used, energy consumed, and wastes emitted by the system and estimates potential impacts on the environment. At first glance, given that an inventory may include thousands of substances, it may seem that the number of potential impacts is bewilderingly large, but the problem is made more tractable through the application of a system of impact classifications within which various inventory quantities can be grouped as having similar consequences on human health or the environment. Sometimes inventoried quantities in a common impact category originate in different parts of the life cycle and often possess very different chemical/biological/physical characteristics. The LCIA groups emissions based on their common impacts rather than on their chemical or physical properties, choosing a reference material for which health impacts are well known, as a basic unit of comparison. A key aspect is the conversion of impacts of various substances into the reference unit. This is done using characterization factors, some of which are well-known, such as global warming potential and ozone depletion potential, and LC50 (the concentration of a substance at which fifty percent of an exposed population is killed), and others are still under development. Table Common Impact Categories and Their References presents several impact categories that are frequently used in the LCIA along with their references. The categories listed in Table Common Impact Categories and Their References are not exhaustive – new types of impact categories, such as land use and social impacts – and continue to be developed.
          
          Common Impact Categories and Their References: Several impact categories that are frequently used in the LCIA along with their references. Source: T. Theis adapted from (U.S. Environmental Protection Agency, 2006)
                
                  	Human Health (cancer)
                  	Kg Benzene eq/unit
                

			  
                
                  	Human Health (non-cancer)
                  	LC50 eq from exposure modeling
                

                
                  	Global Climate Change
                  	Kg CO2 eq/unit
                

                
                  	Eutrophication
                  	Kg Nitrogen eq/unit
                

                
                  	EcotoxicityAquatic, Terrestrial Toxicity
                  	Kg 2,4 D eq/unitLC50 eq from exposure modeling
                

                
                  	Acidification
                  	Kg H+/unit
                

                
                  	Smog Formation
                  	Kg Ethane eq/unit
                

                
                  	Stratospheric Ozone Depletion
                  	Kg CFC-11 eq/unit
                

              
         
          An example will help to illustrate the type of information that results from life cycle inventory and impact assessments. In this case, a system that produces a biologically-derived plastic, polylactide, is examined. (PLA). PLA has been proposed as a more sustainable alternative to plastics produced from petroleum because it is made from plant materials, in this case corn, yet has properties that are similar to plastics made from petroleum. Figure Processing Diagram for Making Polylactide shows a schematic of the system, which is a cradle-to-gate assessment. As with any plastic, PLA can be turned into a variety of final products and each will have different cradle-to-grave LCA characteristics. The production of PLA involves growing corn, harvesting and processing the grain, and polymerizing the lactic acid molecules produced from fermentation. At each step a variety of chemicals and energy are used or produced. It is these production materials that contribute to the impact analysis. Inventory quantities were allocated among major bio-products on a mass basis.

          Processing Diagram for Making Polylactide (PLA) The production of PLA involves growing corn, harvesting and processing the grain, and polymerizing the lactic acid molecules produced from fermentation. At each step a variety of chemicals and energy are used or produced. It is these production materials that contribute to the impact analysis. Source: Landis, A.E. (2007)
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          Among the inventory data acquired in this case is life cycle fossil fuel used by the system, mostly to power farming equipment (“Agriculture”), wet-mill corn (“CWM”), heat fermentation vats (“Ferment”), and Polymerization (“Polym”). The transport of intermediate products from sources to the processing center is also included. Figure Fossil Fuel Use to Make PLA vs. Petroleum-Based Plastics shows the fossil fuel used to make PLA compared with fossil fuel used for making several petroleum-based plastics. Figure Global Warming Potential Impact Analysis shows the global warming potential impact analysis. As might have been expected, the fossil fuels used to make PLA are slightly less than for the petroleum-derived plastics on an 

          Fossil Fuel Use to Make PLA vs. Petroleum-Based Plastics The amount of fossil fuels used when making PLA is slightly less in comparison to making several petroleum-based products. (note: PS-GPPS – General Purpose Polystyrene; HDPE – High Density Polyethylene; PET – Polyethylene Terephthalate; LDPE – Low Density Polyethylene; PP – Polypropylene). Source: Landis, A.E. using data from: PLA-L, PLA-L2, (Landis, A.E., 2007); PLA-V, (Vink, et al., 2003); PLA-B, (Bohlmann, 2004); PLA-P, (Patel, et al., 2006).
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          Global Warming Potential Impact Analysis Global warming impact for PLA compared with several other petroleum- derived plastics. Source: Landis, A.E. (2007)
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          equal mass basis (the functional unit is one kilogram of plastic). The PLA inventory also shows the sources of fossil fuel used for each step along the manufacturing chain, with the fermentation step being the most intense user. What may not be obvious is that the total greenhouse gases (GHG) emitted from the process, on an equivalent carbon dioxide (CO2) basis, are generally higher for the biopolymer in comparison with the petroleum polymers in spite of the lower fossil fuel usage. When the data are examined closely this is due to the agricultural step, which consumes generates relatively little fossil fuel, but is responsible for a disproportionate amount of emissions of GHGs, mostly in the form of nitrous oxide, a powerful greenhouse gas (310 times the global warming potential of CO2) that is a by-product of fertilizer application to fields. This example also illustrates counter-intuitive results that LCAs often generate, a principal reason why it is important to conduct them.

        
      
      
      Interpretation of LCA

        The interpretation step of LCA occurs throughout the analysis. As noted above, issues related to the rationale for conducting the LCA, defining the system and setting its boundaries, identifying data needs, sources, and quality, and choosing functional units, allocation procedures, and appropriate impact categories must all be addressed as the LCA unfolds. There are essentially two formal reasons for conducting an LCA: (a) identification of “hot spots” where material and/or energy use and waste emissions, both quantity and type, are greatest so that efforts can be focused on improving the product chain; and (b) comparison of results between and among other LCAs in order to gain insight into the preferable product, service, process, or pathway. In both cases, there are cautions that apply to the interpretation of results.

        Assumptions

          Typically a variety of assumption must be made in order to carry out the LCA. Sometimes these are minor, for example, exclusion of elements of the study that clearly have no appreciable impact on the results, and sometimes more critical, for example choosing one set of system boundaries over another. These must be explicitly stated, and final results should be interpreted in light of assumptions made

        
        Data Quality, Uncertainty, and Sensitivity

          In the course of conducting an LCA it is usually the case that a variety of data sources will be used. In some cases these may be from the full-scale operation of a process, in others the source is from a small scale or even laboratory scale, in still other cases it may be necessary to simulate information from literature sources. Such heterogeneity inevitably leads to uncertainty in the final results; there are several statistical methods that can be applied to take these into account. An important aspect of the completed LCA is the degree of sensitivity the results display when key variables are perturbed. Highly sensitive steps in the chain have a greater need to narrow uncertainties before drawing conclusions with confidence.

        
        Incommensurability

          Sometimes LCA impact categories, such as those shown in Table Common Impact Categories and Their References, overlap in the sense that the same pollutant may contribute to more than one category. For instance, if a given assessment comes up with high scores for both aquatic toxicity and human toxicity from, say, pesticide use then one might be justified in using both of these categories to draw conclusions and make choices based on LCA results. However, more typically elevated scores are found for categories that are not directly comparable. For instance, the extraction, refining, and use of petroleum generate a high score for global warming (due to GHG release), while the product chain for the biofuel ethanol has a high score for eutrophication (due to nitrogen release during the farming stage). Which problem is worse – climate change or coastal hypoxia? Society may well choose a course of action that favors one direction over another, but in this case the main value of the LCA is to identify the tradeoffs and inform us of the consequences, not tell us which course is “correct.”

        
        Risk Evaluation and Regulation

          One of the inherent limits to LCA is its use for assessing risk. Risk assessment and management, as described in the Modules The Evolution of Environmental Policy in the United States and Modern Environmental Management, is a formal process that quantifies risks for a known population in a specific location exposed to a specific chemical for a defined period of time. It generates risk values in terms of the probability of a known consequence due to a sequence of events that are directly comparable, and upon which decisions on water, land, and air quality standards and their violation can be and are made. LCA is a method for evaluating the impacts of wastes on human health and the environment from the point of view of the product/service chain rather than a particular population. It can be used to identify the sources of contamination and general impacts on the environment – a sort of “where to look” guide for regulation, but its direct use in the environmental regulatory process has been, to date, rather limited. One application for LCA that has been suggested for regulatory use is for assessing the impacts of biofuel mandates on land use practices, in the United States and other regions, however no regulatory standards for land use have yet been proposed.

        
      
      
      Tools for Conducting LCA

        Fortunately a number of databases and tools, in the form of computer software, are available to assist in carrying out LCAs. This is an active area of development; in this section a few of the more well-known and widely used tools are described.

        The Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation Model (GREET)
GREET is a spreadsheet-based database developed by Argonne National Laboratory that links energy use to emissions on a life cycle basis. Early versions were limited to greenhouse gases, but as the model has been refined many other types of contaminants have been added. Although it has been widely used for comparing transportation and fuel options (hence its title), GREET has been used for many other applications that have a significant energy component, including agriculture, material and product development, and strategies for recycling.

        
        
        SimaPro
SimaPro was developed by PRé Consultants in the Netherlands. It is a process-based tool for analyzing products and systems for their energy usage and environmental impacts over their life cycle. It contains a number of databases for simulating processes, performing inventories, assembling products and systems, analyzing results, and assessing life cycle impacts, and features modules for performing uncertainty and sensitivity analyses.

        
        Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI)
TRACI is a tool for performing life cycle impact analyses developed by the U.S. Environmental Protection Agency. It uses inventory data as input information to perform a “mid-point” impact analysis using categories such as those shown in Table Common Impact Categories and Their References. A mid-point analysis assesses impact based upon results at a common point in the risk chain, for example, global warming potential, because subsequent end-point impact assessments require several assumptions and value choices that often differ from case to case. The values for the various impact categories given in Table Common Impact Categories and Their References are mid-point references.


        
        Economic Input Output Life Cycle Assessment (EIO-LCA)
EIO-LCA (http://www.eiolca.net/) takes a different approach to the development of a life cycle assessment. In comparison with the somewhat complicated “bottom-up” approach described above, EIO-LCA uses a more aggregated, matrix-based approach in which the economy is composed of several hundred “sectors,” each linked to the other through a series of factors. EIO was first developed in the 1950s by Wassily Leontief (1905-1999) who was awarded a Nobel Prize in economics for his work. EIO has proven to be a very useful tool for national and regional economic planning. The developers of EIO-LCA then linked the main economic model to a series of environmental impacts. EIO-LCA uses economic measures to perturb the system; for example, if a factory seeks to increase its output by ten percent, then the aggregated inputs across the economy will have to increase by ten percent. Of course some of the inputs from some sectors will increase very little if at all, while others will bear the major brunt of the increase in output by increasing input. In EIO-LCA, part of the new outputs will be increased contaminant loads to the environment.

EIO-LCA has several advantages in comparison with the “bottom-up” approach. There is no need to be concerned with defining system boundaries, i.e. the “boundary” is the entire economy of the United States (or a sub-region), which includes all material and energy inputs and outputs. The data used in EIO-LCA are, for the most part, already collected by the federal government thereby obviating the tedium of the inventory stage. Finally, software models are readily available to carry out the analysis. While a “bottom-up” LCA may take months or even years to complete, EIO-LCA typically takes a few hours.
Of course, at this level of aggregation much information is lost, especially on how the system actually functions. For example, the “energy” sector of the economy includes electricity generated, but doesn’t distinguish among nuclear, fossil, or renewable sources. And if one is concerned with the functional reasons for a particular result, EIO-LCA will be of limited use. Often the “bottom-up” and EIO-LCA approaches are combined (a “hybrid” approach).

        
        
      
      
      Conclusions

        The life cycle approach is a useful way to come to an understanding of the material and energy needed to make a product or deliver a service, see where wastes are generated, and estimate the subsequent impacts that these wastes may have on the environment. It is a good way to improve a product chain, articulate tradeoffs, and make comparisons among alternative processes and products. In these contexts LCA facilitates decision making by managers, designers, and other stakeholders. Most importantly, LCA is a way of framing policy options in a comprehensive and systematic way.

      
      
      Review Questions

        

  
    Using the information in Table Waste-to-Product Ratios for Selected Industries, fill in numerical values, per unit of product, for the diagram in Figure Human-Designed Industry. One diagram for each industrial sector.
  







          
            What are some of the reasons to use Life Cycle Assessments?

          

        

        
          
            What are the basic stages of a product or service chain that serve as the basis for a life cycle assessment?

          

        

        
          
            What are the steps involved in performing a life cycle assessment?

          

        

        
          
            Name several characteristic scopes of life cycle assessments.

          

        

        
          
            What is “embodied energy”?

          

        

        
          
            Name several impact assessment categories and the reference units typically used to express them.

          

        

        
          
            Name several life cycle impact analysis tools and their major characteristics.

          

        

        
          
            What are some of the limitations of life cycle assessments?

          

        

        
          
            Locate and read a completed Life Cycle Assessment online. Consider whether widespread adoption by society would result in measureable lowering of environmental impacts? If so what kind? What might the obstacles be? Are there any tradeoffs associated with adoption, i.e. some impacts may be reduced, but others might get worse?)
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  Glossary

    
      	allocation

      	For a chain which produces multiple products or services, the partitioning of inventory quantities among these co-products or co-services.
      

    

    
      	economic input output life cycle assessment (EIO-LCA)

      	An aggregated approach to LCA in which the environmental impacts of a product or service are determined through an analysis of the complete economy.
      

    

    
      	functional unit

      	The basis for comparing two or more products, processes, or services that assures equality of the function delivered.
      

    

	
	  	industrial ecology

      	An applied science that is concerned with material and energy flows through industrial systems.
 
    

    
      	life cycle assessment (LCA)

      	A method for quantifying the materials and energy needed to make or deliver a product or service that assesses the wastes produced and potential environmental impacts across all or a part of the product chain.
      

    

    
      	life cycle impact assessment (LCIA)

      	The stage of an LCA in which the environmental impacts associated with the manufacture and delivery use and disposal of a product are calculated.
      

    

    
      	life cycle inventory (LCI)

      	The stage of an LCA in which information on the use of energy and various materials used to make a product or service at each part of the manufacturing process is collected.
      

    

    
      	scoping

      	The stage of a LCA in which the rationale for carrying out the assessment is made explicit, where the boundaries of the system are defined, where the data quantity, quality, and sources are specified, and where any assumptions that underlie the LCA are stated.
      

    

  

  
Footprinting: Carbon, Ecological and Water

    
    Footprinting: Carbon, Ecological and Water

      Learning Objectives

        After reading this section, students should be able to

        
          	understand what an environmental footprint is and its limitations

          	conduct some basic footprinting calculations

          	calculate and explain their own footprint

        

      
      Basic Concepts of Footprinting

        What is a common measure of the impact of an individual, institution, region or nation? This can be done by measuring the “footprint” of that entity. When discussing climate change and sustainability the concepts of carbon footprint and ecological footprint are often used. Understanding how these footprints are derived is important to the discourse as not all calculations are equal. These footprints can be calculated at the individual or household level, the institutional level (corporation, university, and agency), municipal level, sub-national, national or global. They are derived from the consumption of natural resources such as raw materials, fuel, water, and power expressed in quantities or economic value. The quantity consumed is translated into the footprint by using conversion factors generally based in scientific or economic values.

        What is Your Carbon Footprint?
							There are many personal calculators available on the internet. Here are a few to try:

							
									EPA Household Emissions Calculator
          
									Ecological Footprint

									Earth Day Network Footprint

									Cool Climate Network (UC Berkeley)
          
									Carbon Footprint	

							

					



        This chapter will discuss three types of footprints – ecological, carbon and water – and the methodologies behind them. Although efforts have been made to standardize the calculations comparisons must be approached with caution. Comparing individual, institutional or national footprints that are calculated by the same method can be helpful in measuring change over time and understanding the factors that contribute to the differences in footprints.

      
      Ecological Footprint

        Concept

          The Merriam-Webster Dictionary defines footprint as:

          
            	an impression of the foot on a surface;

            	the area on a surface covered by something

          

          Similarly, the ecological footprint (EF) represents the area of land on earth that provides for resources consumed and that assimilates the waste produced by a given entity or region. It is a composite index (see Module Sustainability Metrics and Rating Systems) that represents the amount of biologically productive land and water area required to support the demands of the population in that entity or region The EF is beneficial because it provides a single value (equal to land area required) that reflects resource use patterns (Costanza, 2000). The use of EF in combination with a social and economic impact assessment can provide a measure of sustainability’s triple bottom line (Dawe, et al., 2004). It can help find some of the “hidden” environmental costs of consumption that are not captured by techniques such as cost-benefit analysis and environmental impact (Venetoulis, 2001). Using the ecological footprint, an assessment can be made of from where the largest impact comes (Flint, 2001).

          Next, we will discuss the how an EF is calculated.

        
        Methodology

          The ecological footprint methodology was developed by William Rees and Mathis Wackernagel (1996), and consists of two methodologies:

          	Compound calculation is typically used for calculations involving large regions and nations and is shown in Figure Compound Calculation Steps for Ecological Footprint Analysis. First, it involves a consumption analysis of over 60 biotic resources including meat, dairy produce, fruit, vegetables, pulses, grains, tobacco, coffee, and wood products. That consumption is then divided by biotic productivity (global average) for the type of land (arable, pasture, forest, or sea areas) and the result represents the area needed to sustain that activity. The second part of the calculation includes energy generated and energy embodied in traded goods. This is expressed in the area of forested land needed to sequester CO2 emissions from both types of energy. Finally, equivalence factors are used to weight the six ecological categories based on their productivity (arable, pasture, forest, sea, energy, built-up land). The results are reported as global hectares (gha) where each unit is equal to one hectare of biologically productive land based on the world's average productivity. We derive sub-national footprints based on apportioning the total national footprint between sub-national populations. The advantage of this method is that it captures many indirect of effects of consumption so the overall footprint is more accurate.

            	Component-based calculation resembles life-cycle analysis in that it examines individual products and services for their cradle-to-grave resource use and waste, and results in a factor for a certain unit or activity. The footprint is typically broken down into categories that include energy, transportation, water, materials and waste, built-up land, and food. This method is better for individuals or institutions since it accounts for specific consumption within that entity. However, it probably under-counts as not all activities and products could practically be measured or included. It also may double-count since there may be overlap between products and services.

          

          Compound Calculation Steps for Ecological Footprint Analysis Figure shows the compound calculation steps for ecological footprint analysis. Source: C. Klein-Banai. 
                [image: Compound Calculation Steps for Ecological Footprint Analysis]
              

            
          
        
        What the Results Show

          When looking at the sub-national level, it is useful to be able to examine different activities that contribute to the footprint such as energy, transportation, water, waste, and food. In both types of calculations, there is a representation of the energy ecological footprint. We utilize conversion factors that account for direct land use for mining the energy source and the land required to sequester any carbon emitted during combustion, construction, or maintenance of the power source. It should be noted that no actual component-based calculations have been done for nuclear power. The practice has been to consider it the same as coal so as to account for it in some way. A discussion of the merits of this method can be found in Wackernagel et al. (2005).

          Transportation is another activity that can be examined at the sub-national level. The transportation footprint maybe considered part of the energy footprint, or separately, but is basically based on the energy consumption for transportation. It may also include some portion of the built-up land.

          The hydroprint, or water-based footprint, measures the amount of water consumed in comparison to the amount of water in the land catchment system for the geographical area being footprinted. It can represent whether the entity is withdrawing more or less water than is naturally supplied to the area from rainfall.

          The wasteprint, or waste-based footprint, is calculated using commonly used component-based factors that have been calculated and compiled in a number of publications and books. Food production requires energy to grow, process and transport, as well as land for growing and grazing. The factors are derived using the compound calculation for a certain geographical area. See Case Study: Comparing Greenhouse Gas Emissions, Ecological Footprint and Sustainability Rating of a University for an example of this kind of ecological footprint analysis. This kind of analysis can show us how a nation, region, organization, or individual uses the planets resources to support its operation or life style, as well as what activities are the primary contributors to the footprint. In the next section, we will look at some national footprints.

        
        Ecological Footprint Comparisons

          Ecological Footprints of Select Nations Graph shows the ecological footprints of select nations. The bars show average EF in global hectares per person for each nation. Each color on the bar represents the different types of land. Source: © 2010 WWF (panda.org). Some rights reserved. Living Planet Report, 2010 , figure under CC BY-SA 3.0 License
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          The Living Planet Report prepared by the World Wildlife Fund, the Institute of Zoology in London, and Wackernagel’s Global Footprint Network reports on the footprints of various nations. Figure Ecological Footprints of Select Nations displays the footprint of several nations as shown in the report. The bars show average EF in global hectares per person for each nation. Each color on the bar represents the different types of land. Here we see that the United Arab Emirates has the largest footprint of 10.2 gha per person, with the majority of its footprint due to carbon (same as energy land described above). Whereas Latvia has the lowest footprint displayed at 6.0 gha per person, with the majority of its footprint due to forestland.

          United States’ Ecological Footprint Figure shows the United States’ Ecological Footprint compared to the global average. Source: © 2010 WWF (panda.org). Some rights reserved. Living Planet Report, 2010, figure under CC BY-SA 3.0 License
                [image: United States’ Ecological Footprint]
              

            
          
          Figure United States’ Ecological Footprint shows the national footprint in 2007 of the United States as 7.99 gha per person both with a bar display and with specific metrics on the right that show the exact footprint and the United States’ ranking among all nations in the report (e.g. carbon is 5.57 gha and ranks 3rd largest overall). The bar to the left expresses the world average. The United States’ footprint of 7.99 gha stands in contrast to the earth's global biocapacity of 1.8 gha per person. Globally, the total population’s footprint was 18 billion gha, or 2.7 gha per person. However, the earth’s biocapacity was only 11.9 billion gha, or 1.8 gha per person. This represents an ecological demand of 50 percent more than the earth can manage. In other words, it would take 1.5 years for the Earth to regenerate the renewable resources that people used in 2007 and absorb CO2 waste. Thus, earth’s population used the equivalent of 1.5 planets in 2007 to support their lives.

        
      
      Carbon Footprint

        Since climate change (see Chapter Climate and Global Change) is one of the major focuses of the sustainability movement, measurement of greenhouse gases or carbon footprint is a key metric when addressing this problem. A greenhouse gas emissions (GHG) inventory is a type of carbon footprint. Such an inventory evaluates the emissions generated from the direct and indirect activities of the entity as expressed in carbon dioxide equivalents (see below). Since you cannot manage what you cannot measure, GHG reductions cannot occur without establishing baseline metrics. There is increasing demand for regulatory and voluntary reporting of GHG emissions such as Executive Order 13514, requiring federal agencies to reduce GHG emissions, the EPA’s Mandatory GHG Reporting Rule for industry, the Securities and Exchange Commission’s climate change disclosure guidance, American College and University Presidents’ Climate Commitment (ACUPCC) for universities, ICLEI for local governments, the California Climate Action Registry, and numerous corporate sustainability reporting initiatives.

        Scoping the Inventory

          The first step in measuring carbon footprints is conducting an inventory is to determine the scope of the inventory. The World Business Council for Sustainable Development (WBCSD) and the World Resource Institute (WRI) defined a set of accounting standards that form the Greenhouse Gas Protocol (GHG Protocol). This protocol is the most widely used international accounting tool to understand, quantify, and manage greenhouse gas emissions. Almost every GHG standard and program in the world uses this framework as well as hundreds of GHG inventories prepared by individual companies and institutions. In North America, the most widely used protocol was developed by The Climate Registry.

          The GHG Protocol also offers developing countries an internationally accepted management tool to help their businesses to compete in the global marketplace and their governments to make informed decisions about climate change. In general, tools are either sector-specific (e.g. aluminum, cement, etc.) or cross-sector tools for application to many different sectors (e.g. stationary combustion or mobile combustion).

          Scopes of a Greenhouse Gas Emissions Inventory Figure shows the three scopes of a greenhouse gas emissions inventory. Source: New Zealand Business Council for Sustainable Development, The challenges of greenhouse gas emissions: The “why” and “how” of accounting and reporting for GHG emissions (2002, August), figure 3, p. 10.
                [image: Scopes of a Greenhouse Gas Emissions Inventory]
              

            
          
          The WRI protocol addresses the scope by which reporting entities can set boundaries (see Figure Scopes of a Greenhouse Gas Emissions Inventory). These standards are based on the source of emissions in order to prevent counting emissions or credits twice. The three scopes are described below:

          
            	Scope 1: Includes GHG emissions from direct sources owned or controlled by the institution – production of electricity, heat or steam, transportation or materials, products, waste, and fugitive emissions. Fugitive emissions are due to intentional or unintentional release of GHGs including leakage of refrigerants from air conditioning equipment and methane releases from farm animals.

            	Scope 2: Includes GHG emissions from imports (purchases) of electricity, heat or steam – generally those associated with the generation that energy.

            	Scope 3: Includes all other indirect sources of GHG emissions that may result from the activities of the institution but occur from sources owned or controlled by another company, such as business travel; outsourced activities and contracts; emissions from waste generated by the institution when the GHG emissions occur at a facility controlled by another company, e.g. methane emissions from landfilled waste; and the commuting habits of community members.

          

          Depending on the purpose of the inventory the scope may vary. For instance, the EPA mandatory reporting requirements for large carbon dioxide sources require reporting of only Scope 1 emissions from stationary sources. However, many voluntary reporting systems require accounting for all three scopes, such as the ACUPCC reporting. Numerous calculator tools have been developed, some publicly available and some proprietary. For instance many universities use a tool called the Campus Carbon Calculator developed by Clean Air-Cool Planet, which is endorsed by the ACUPCC. Numerous northeastern universities collaborated to develop the Campus Carbon Calculator and the calculator has been used at more than 200 campuses in North America. It utilizes an electronic Microsoft Excel workbook that calculates estimated GHG emissions from the data collected.

        
        Methodology

          GHG emissions calculations are generally calculated for the time period of one year. Figure Steps for Preparing a GHG Emissions Report shows the steps for reporting GHG emissions. It is necessary to determine what the baseline year is for calculation. This is the year that is generally used to compare future increases or decreases in emissions, when setting a GHG reduction goal. The Kyoto Protocol proposes accounting for greenhouse gas emissions from a baseline year of 1990. Sometimes calculations may be made for the current year or back to the earliest year that data is available.

          Steps for Preparing a GHG Emissions Report Figure shows the required steps to take when preparing a GHG emissions report. Source: C. Klein-Banai
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          Next, the institutional or geographic boundaries need to be defined. Also, the gases that are being reported should be defined. There are six greenhouse gases defined by the Kyoto Protocol. Some greenhouse gases, such as carbon dioxide, occur naturally and are emitted to the atmosphere through natural and anthropogenic processes. Other greenhouse gases (e.g. fluorinated gases) are created and emitted solely through human activities. The principal greenhouse gases that enter the atmosphere because of human activities are:

          
            	Carbon Dioxide (CO2): Carbon dioxide is released to the atmosphere through the combustion of fossil fuels (oil, natural gas, and coal), solid waste, trees and wood products, and also as a result of non-combustion reactions (e.g. manufacture of cement). Carbon dioxide is sequestered when plants absorb it as part of the biological carbon cycle.

            	Methane (CH4): Methane is emitted during the production and transport of coal, natural gas, and oil. Methane emissions also come from farm animals and other agricultural practices and the degradation of organic waste in municipal solid waste landfills.

            	Nitrous Oxide (N2O): Nitrous oxide is emitted during agricultural and industrial activities, and combustion of fossil fuels and solid waste.

            	Fluorinated Gases: Hydrofluorocarbons, perfluorocarbons, and sulfur hexafluoride are synthetic, powerful greenhouse gases that are emitted from a variety of industrial processes. Fluorinated gases are sometimes used as substitutes for ozone-depleting substances (i.e. Chlorofluorocarbons (CFCs), hydrochlorofluorocarbon (HCFCs), and halons). CFCs and HCFCs are gases comprised of chloride, fluoride, hydrogen, and carbon. Halons are elemental gases that include chlorine, bromine, and fluorine. These gases are typically emitted in smaller quantities, but because they are potent greenhouse gases, they are sometimes referred to as High Global Warming Potential gases (“High GWP gases”).

          

          Each gas, based on its atmospheric chemistry, captures different amounts of reflected heat thus contributing differently to the greenhouse effect, which is known as its global warming potential. Carbon dioxide, the least capture efficient of these gases, acts as the reference gas with a global warming potential of 1. Table Global Warming Potentials shows the global warming potential for the various GHGs.

          Global Warming Potentials            Source: 
            
              C. Klein-Banai
            
             created table using data from 
            
              Climate Change 2007: The Physical Science Basis: Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University Press, section 2.10.2
            
                
                  	Gas
                  	GWP
                

							

                
                  	CO2 
                  	1
                

                
                  	CH4 
                  	21
                

                
                  	N2O 
                  	310
                

                
                  	HFC-23 
                  	11,700
                

                
                  	HFC-32 
                  	650
                

                
                  	HFC-125 
                  	2,800
                

                
                  	HFC-134a 
                  	1,300
                

                
                  	HFC-143a 
                  	3,800
                

                
                  	HFC-152a 
                  	140
                

                
                  	HFC-227ea 
                  	2,900
                

                
                  	HFC-236fa 
                  	6,300
                

                
                  	HFC-4310mee 
                  	1,300
                

                
                  	CF4 
                  	6,500
                

                
                  	C2F6 
                  	9,200
                

                
                  	C4F10 
                  	7,000
                

                
                  	C6F14 
                  	7,400
                

                
                  	SF6
                  	23,900
                

              

          
          GHG emissions cannot be easily measured since they come from both mobile and stationary sources. Therefore, emissions must be calculated. Emissions are usually calculated using the formula:
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          where A is the quantification of an activity in units that can be combined with emission factor of greenhouse gas g (Fg) to obtain the resulting emissions for that gas (Eg).

          Examples of activity units include mmbtu (million British Thermal Units) of natural gas, gallons of heating oil, kilowatt hours of electricity, and miles traveled. Total GHG emissions can be expressed as the sum of the emissions for each gas multiplied by its global warming potential (GWP). GHG emissions are usually reported in metric tons of carbon dioxide equivalents (metric tons CO2-e):
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          Eg is usually estimated from the quantity of fuel burned using national and regional average emissions factors, such as those provided by the US Department of Energy’s Energy Information Administration.

          Emission factors can be based on government documents and software from the U.S. Department of Transportation, the U.S. Environmental Protection Agency (EPA), and the U.S. Department of Energy, or from specific characteristics of the fuel used – such as higher heating value and carbon content. Scope 3 emissions that are based on waste, materials, and commuting are more complex to calculate. Various calculators use different inputs to do this and the procedures are less standardized. See Case Study: Comparing Greenhouse Gas Emissions, Ecological Footprint and Sustainability Rating of a University for an example of these kinds of calculations.

          Greenhouse gas emissions inventories are based on standardized practice and include the steps of scoping, calculating, and reporting. They are not based on actual measurements of emissions, rather on calculations based on consumption of greenhouse gas generating materials such as fossil fuels for provision of energy and transportation or emissions from waste disposal. They can be conducted for buildings, institutions, cities, regions, and nations.

        
        Carbon Footprint Comparisons

          Comparison of carbon footprints reveal interesting differences between countries, particularly when compared to their economic activity. The World Bank tracks data on countries and regions throughout the world as part of their mission to “fight poverty…and to help people help themselves and their environment” (World Bank, 2011). Table Gross Domestic Product (GDP) and Emissions for Select Regions, 2007 shows the results for GHG emissions and gross domestic product for various regions of the world. It is interesting to note that the United States’ emissions per capita (19.34 mt e-CO2) are more than four times the world average. The United States’ economy makes up one fourth of the world GDP.

          Gross Domestic Product (GDP) and Emissions for Select Regions, 2007Table shows the GDP and emissions for select regions in 2007. Source: C. Klein-Banai created table using data from The World Bank, "World Development Indicators" 
                
                  	Country Name
                  	CO2 emissions (metric ton)
                  	CO2 emissions (metric tons per capita)
                  	GDP (current US$ millions)
                  	GDP per capita (current US$)
                
							
							
                
                  	East Asia & Pacific (all income levels)
                  	10,241,229
                  	4.76
                  	$11,872,148
                  	$5,514
                

                
                  	Europe & Central Asia (all income levels)
                  	6,801,838
                  	7.72
                  	$20,309,468
                  	$23,057
                

                
                  	Latin America & Caribbean (all income levels)
                  	1,622,809
                  	2.87
                  	$3,872,324
                  	$6,840
                

                
                  	Latin America & Caribbean (developing only)
                  	1,538,059
                  	2.75
                  	$3,700,320
                  	$6,610
                

                
                  	Least developed countries: UN classification
                  	185,889
                  	0.23
                  	$442,336
                  	$553
                

                
                  	Middle East & North Africa (all income levels)
                  	1,992,795
                  	5.49
                  	$1,924,470
                  	$5,304
                

                
                  	South Asia
                  	1,828,941
                  	1.20
                  	$1,508,635
                  	$991
                

                
                  	Sub-Saharan Africa (all income levels)
                  	684,359
                  	0.86
                  	$881,547
                  	$1,102
                

                
                  	United States
                  	5,832,194
                  	19.34
                  	$14,061,800
                  	$46,627
                

                
                  	World
                  	30,649,360
                  	4.63
                  	$55,853,288
                  	$8,436
                

              

          
        
      
      Water Footprint

        The water footprint of production is the volume of freshwater used by people to produce goods, measured over the full supply chain, as well as the water used in households and industry, specified geographically and temporally. This is slightly different from the hydroprint described above which simply compares the consumption of water by a geographic entity to the water that falls within its watershed. If you look at the hydrologic cycle (see module Water Cycle and Fresh Water Supply), water moves through the environment in various ways. The water footprint considers the source of the water as three components:

        
          	Green water footprint: The volume of rainwater that evaporates during the production of goods; for agricultural products, this is the rainwater stored in soil that evaporates from crop fields.

          	Blue water footprint: The volume of freshwater withdrawn from surface or groundwater sources that is used by people and not returned; in agricultural products this is mainly accounted for by evaporation of irrigation water from fields, if freshwater is being drawn.

          	Grey water footprint: the volume of water required to dilute pollutants released in production processes to such an extent that the quality of the ambient water remains above agreed water quality standards.

        

        The water footprint of an individual is based on the direct and indirect water use of a consumer. Direct water use is from consumption at home for drinking, washing, and watering. Indirect water use results from the freshwater that is used to produce goods and services purchased by the consumer. Similarly, the water footprint of a business or institution is calculated from the direct and indirect water consumption.

        Water Footprint of Production of Select Countries Graph shows the water footprint of production of select countries. Source: © 2010 WWF (panda.org). Some rights reserved. Living Planet Report, 2010, figure under CC BY-SA 3.0 License
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        Figure Water Footprint of Production of Select Countries shows the water footprint of production for several countries as a whole. In this report, due to lack of data, one unit of return flow is assumed to pollute one unit of freshwater. Given the negligible volume of water that evaporates during domestic and industrial processes, as opposed to agriculture, only the grey water footprint for households and industry was included. This figure does not account for imports and exports it is only based on the country in which the activities occurred not where they were consumed.

        In contrast, the water footprint of a nation accounts for all the freshwater used to produce the goods and services consumed by the inhabitants of the country. Traditionally, water demand (i.e. total water withdrawal for the various sectors of economy) is used to demonstrate water demand for production within a nation. The internal water footprint is the volume of water used from domestic water resources; the external water footprint is the volume of water used in other countries to produce goods and services imported and consumed by the inhabitants of the country. The average water footprint for the United States was calculated to be 2480m3/cap/yr, while China has an average footprint of 700m3/cap/yr. The global average water footprint is 1240m3/cap/yr. As for ecological footprints there are several major factors that determine the water footprint of a country including the volume of consumption (related to the gross national income); consumption pattern (e.g. high versus low meat consumption); climate (growth conditions); and agricultural practice (water use efficiency) (Hoekstra & Chapagain, 2007).

        Using average water consumption for each stage of growth and processing of tea or coffee, the “virtual” water content of a cup can be calculated (Table Virtual Water Content of a Cup of Tea or Coffee). Much of the water used is from rainfall that might otherwise not be “utilized” to grow a crop and the revenue from the product contributes to the economy of that country. At the same time, the result is that many countries are “importing” water to support the products they consume.

        Virtual Water Content of a Cup of Tea or CoffeeTable shows the virtual water content for a cup of tea or coffee. Source: C. Klein-Banai created table using data from Chapagain and Hoekstra (2007). alt="Virtual Water Content of a Cup of Tea or Coffee" longdesc="Table shows the virtual water content for a cup of tea or coffee."
              
                	Drink
                	Preparation
                	Virtual water content (l/cup)
              
						
						
              
                	Coffee
                	Standard cup of coffee
                	140
              

              
                	Strong coffee
                	200
              

              
                	Instant coffee
                	80
							

              
                	Tea
                	Standard cup of tea
                	34
              

              
                	Weak tea
                	17
              

            

        
        To learn more about other countries’ water footprints, visit this interactive graph. To calculate your own water footprint, visit the Water Footprint Calculator.

        The water footprint reveals that much more water is consumed to make a product than appears in using a simple calculation. It is not just the water content of the product but includes all water used in the process to make it and to manage the waste generated from that process.

      
      Summary

        Footprinting tools can be useful ways to present and compare environmental impact. They are useful because they can combine impacts from various activities into one measure. However, they have limitations. For instance, in a carbon footprint or greenhouse gas emissions inventory, many of the “conventional” environmental impacts such as hazardous waste, wastewater, water consumption, stormwater, and toxic emissions are not accounted for, nor are the impacts of resource consumption such as paper, food, and water generally measured. Perhaps most importantly, certain low-carbon fuel sources (e.g. nuclear power) that have other environmental impacts (e.g. nuclear waste) are neglected. Finally, the scope of the emissions inventory does not include upstream emissions from the manufacture or transport of energy or materials. This suggests that there is a need to go beyond just GHG emissions analyses when evaluating sustainability and include all forms of energy and their consequences.

        The ecological footprint can be misleading when it is looked at in isolation, for instance with an urban area, the resources needed to support it will not be provided by the actual geographic area since food must be “imported” and carbon offset by natural growth that does not “fit” in a city. However, cities have many other efficiencies and advantages that are not recognized in an ecological footprint. When looked at on a national level it can represent the inequities that exist between countries.

        It is interesting to contrast the water and ecological footprints, as well. The water footprint explicitly considers the actual location of the water use, whereas the ecological footprint does not consider the place of land use. Therefore it measures the volumes of water use at the various locations where the water is appropriated, while the ecological footprint is calculated based on a global average land requirement per consumption category. When the connection is made between place of consumption and locations of resource use, the consumer's responsibility for the impacts of production at distant locations is made evident.

      
      Review Questions

        
          
            Choose a calculator from the box and calculate your own footprint. How does it compare to the national or global average? What can you do to reduce your footprint?

          

        

        
          
            Discuss what kind of inequities the various footprints represent between nations and the types of inequities.

          

        

        
          
            How might the “food print” of a vegetarian differ from a carnivore?
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  Glossary

    
      	Anthropogenic 

      	Relating to or resulting from the influence that humans have on the natural world.
      

    

    
      	Cradle-to-Grave

      	From creation to disposal; throughout the life cycle.
      

    

    
      	Ecological Footprint (EF)

      	Represents the area of land on earth that provides for resources consumed and assimilates the waste produced by a given entity.
      

    

    
      	Global Warming Potential (GWP)

      	Each gas, based on its atmospheric chemistry, captures different amounts of reflected heat thus contributing differently to the greenhouse effect contributing to its GWP. Carbon dioxide, the least capture efficient of these gases, acts as the reference gas with a global warming potential of 1.

    

    
      	Gross Domestic Product

      	The sum of gross value added by all resident producers in the economy plus any product taxes and minus any subsidies not included in the value of the products. It is calculated without making deductions for depreciation of fabricated assets or for depletion and degradation of natural resources. 
      

    

    
      	Sequestered

      	Removed from the atmosphere
      

    

    
      	Triple Bottom Line

      	Accounting for ecological and social performance in addition to financial performance
      

    

  

  
Environmental Performance Indicators
In the module, you will learn about the data included in creating an environmental performance indicator, the strengths and weaknesses of the environmental sustainability index and emergy performance index and the differences between some of the major environmental performance indicators.
      
            
      Learning Objectives

        After reading this module, students should be able to

        	understand the data included in creating an environmental performance indicator

          	be able to state some general strengths and weaknesses of the environmental sustainability index and emergy performance index

          	know the differences between some of the major environmental performance indicators

        

      
      
      Introduction

        Because there are so many types of environmental problems, there are many projects designed to address these concerns and likewise many methods to assess them. Collectively, the methods for assessing environmental impactsand the uses of natural resources (both living and non-living) are called environmental performance indicators. Generally, performance indicators are used in fields ranging from marketing and economics to education and legal studies to measure a project's progress and/or success. Some indicators can evaluate the actions of a single individual, while others are broad enough to reflect the efforts of entire nations or even the globe. Specifically, environmental performance indicators (EPIs) examine environmental issues such as pollution, biodiversity, climate, energy, erosion, ecosystem services, environmental education, and many others. Without these EPIs, the success or failure of even the most well-intentioned actions can remain hidden.

        Because of the diversity of observational scales and topics, not all EPIs are useful in all scenarios. However, all EPIs should indicate whether the state of the environment is changed positively or negatively, and they should provide a measure of that change. An EPI is also more meaningful if it can quantify the results to facilitate comparison between different types of activities. But before an EPI is selected, targets and baselines must be clearly articulated. Vague targets are difficult to evaluate, and the results may be uninformative. The EPI selected must use indicators that are definitively linked to the targets, are reliable and repeatable, and can be generated in a cost and time efficient manner.

        To evaluate an activity, an EPI needs to include information from up to four types of indicators: inputs, outputs, outcomes, and impacts. Inputs are the natural resources or ecosystem services being used. Outputs are the goods or services that result from that activity. While outputs can often be quantified, outcomes typically cannot be and instead represent environmental, social, and economic dimensions of well-being. In some cases it is useful to think of outcomes as why an output was sought; however, outcomes can also be unanticipated or unwanted effects of an output. Impacts refer to the longer-term and more extensive results of the outcomes and outputs, and can include the interaction of the latter two indicators.

        For example, coal can be an input for an electricity-generating plant because we need the output (electricity) to turn on lights in our homes. Two outcomes would include the ability to read at night because of the electricity and the visible air pollution from the power plant smoke stacks. An impact of being able to read more can be a better-educated person, while an impact of the greenhouse gas emissions from burning coal is increased potential for global climate change. This is a simplistic example which does not include the majority of relevant indicators (inputs, outputs, outcomes, and impacts) for a complete and more meaningful analysis.

        We can then evaluate each of the indicators. Is the input (coal) an appropriate choice? Is there enough for the practice of burning it to continue? Are there problems, such as political instability that could interrupt continued access? Does the output (electricity) sufficiently address the problem (in this case, energy for turning on lights)? Is the output produced and delivered in a timely manner? Is it provided to the appropriate consumers and in a quantity that is large enough? Does the output create the desired outcome (being able to read at night)? Does it also result in unwanted outcomes (air pollution)? Do the outcomes result in long-term impacts (such as life-long learning or decade-long climate change) that are widespread?

        Note that outcomes and impacts can be either positive or negative. The strength of an EPI lies in its ability to look at the bigger picture and include multiple variables – particularly with regard to the impacts. However, whether an impact is considered meaningful depends on the values and perspectives of the individuals and groups involved. Judgment plays a role because of the difficulty in comparing completely different impacts. How do you compare life-long learning and climate change in the above example about the use of coal?

      
      
      Uses

        Monitoring the impacts of both short-term and long-term activities with EPIs allows decision makers to make changes that result in performance with lesser environmental impacts. In some cases, changes can be made to ongoing projects, or the results of an EPI can be used for publicity if the performance data indicate the activity is environmentally-sound. In other cases, the EPI establishes a performance benchmark against which other projects are measured, or the results are used in the strategic planning phase while projects are in development. In this way, past successes and failures can both be incorporated into future plans.

        Use of EPIs requires production of multiple data points. A single application of an EPI does not mean much until placed into a larger context. For example, an EPI might evaluate the impact of your city's recycling efforts (see Figure Municipal Solid Waste Recycling Rates), but that result can be difficult to interpret without additional data that can be presented in multiple ways:

        
          	Absolute values: Is the impact greater or less than that of other cities? How does the total cost of the recycling program compare?

          	Normalized values: How does the per person impact compare to another city, country, business, etc.? What is the amount of aluminum recycled per dollar spent on recycling?

          	Trends: Is your city improving, or is the progress your city sees in recycling better than that that of other cities? This could be asked of either absolute or normalized data: Is the total amount of aluminum recycled in your city increasing? Is the per-person amount of aluminum recycled in your city increasing?

        

        Municipal Solid Waste Recycling Rates Municipal solid waste recycling rates in the United States from 1960-2007. Source: EPA
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      Major EPI Areas

        Most EPIs focus on one or a few categories of environmental problems and do not attempt to be all-inclusive methods of evaluating sustainability. A few of the more common categories are briefly described below.

        Biodiversity is the number and variety of forms of life, and can be calculated for a particular tree, an ecosystem, a nation, or even the planet. Food, fuel, recreation, and other ecosystem services are dependent on maintaining biodiversity. However, biodiversity is threatened by overuse and habitat destruction (see Figure Endangered Animals). Because the actual number of species alive is not known, biodiversity indicators often use proxy data. These include patterns of habitat preservation and resource use, because they are the primary factors influencing biodiversity. The better-known groups of organisms, such as birds and mammals, are also monitored for a direct count of biodiversity, but vertebrates are a tiny proportion of life and cannot accurately reflect changes in all species. 

        Endangered Animals Illustration shows the number of endangered animals in each country of the world. Source: World Atlas of Biodiversity
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        Wood is harvested for timber and fuel, but forests are also cleared for agricultural fields and housing developments. Such deforestation frequently leads to rapid soil erosion and extinctions. Cutting of forests also results in changes to the water cycle, altering precipitation patterns and rates, and nutrient cycles, such as the release of carbon dioxide into the atmosphere. At the same time as deforestation takes its toll in places, trees are being planted elsewhere. Developed countries are increasing their forested areas, but this is commonly being done at the expense of developing countries, which are exporting their wood (see Figure Deforestation at the Haiti/Dominican Republic Border). Forestry indicators in EPIs include the annual change in forested areas, but can be broken down into the types of forests because each has different environmental impacts. Another indicator is the use of non-sustainable wood resources. Tree farms and some harvesting methods provide renewable supplies of wood, while clear-cutting tropical forests does not. Irresponsible wood harvesting produces negative results for ecosystem health.


        Deforestation at the Haiti/Dominican Republic Border Satellite photograph show deforestation of Haiti (on the left) at the border with the Dominican Republic (on the right). Deforestation on the Haitian side of the border is much more severe. Source: NASA
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        Air, water, and land pollution directly, and adversely, impacts human and ecosystem health. It also has economic consequences from the damage of natural resources and human structures. In many cases the level of pollutants can be measured either in the environment or at the point of emissions. Additional indicators include whether pollution monitoring even occurs, to what extent legal maximum levels are enforced, and whether regulations are in place to clean up the damage. Visit the EPA's MyEnvironment application to learn more about environmental issues in your area.

        Greenhouse gas emissions and ozone depletion are results of air pollution, but are frequently placed in a separate category because they have global impacts regardless of the source of the problem. Levels of greenhouse gases and ozone-depleting substances in the atmosphere can be measured directly, or their impacts can be measured by looking at temperature change and the size of the ozone hole. However, those methods are rarely part of EPIs because they do not assign a particular source. Instead, EPIs include the actual emissions by a particular process or area.

      
      
      Examples of EPIs

        There are dozens of EPIs that can be used to evaluate sustainability. Below are two examples of multi-component methods that allow comparisons at a national level, which is necessary for promoting many types of systemic change.

        Environmental Sustainability Index

          The environmental sustainability index (ESI) was created as a joint effort of Yale and Columbia universities in order to have a way to compare the sustainability efforts and abilities of countries. Visit the ESI website for more information such as maps and data. First presented in 2000 at the World Economic Forum, the ESI has quickly gained popularity because it aids decision-making by providing clear comparisons of environmental statistics. The basic assumption of the ESI is that sustainable development, the use of resources in a way to meet societal, economic, and environmental demands for the long-term, requires a multi-faceted approach. Specifically, the ESI uses 76 variables to create 21 indicators of sustainability.

          The indicators cover five categories, with each description below indicating the condition that is more sustainable:

          
            	environmental systems – maintaining and improving ecosystem health

            	reducing environmental stress – reducing anthropogenic stress on the environment

            	reducing human vulnerability – having fewer negative impacts on people from the environment

            	capacity to respond to environmental challenges – fostering social infrastructures that establish ability and desire to respond effectively to environmental challenges

            	global stewardship efforts – cooperating with other countries to address environmental problems.

          

          The ESI scores range from 0, least sustainable, to 100, most sustainable, and is an equally-weighted average of the 21 individual indicators. The highest-ranked countries in 2005 (Finland, Norway, Uruguay, Sweden, and Iceland) all had in common abundant natural resources and low human-population densities. At the other extreme, the lowest-ranked countries (North Korea, Iraq, Taiwan, Turkmenistan, and Uzbekistan) had fewer natural resources, particularly when compared per capita, and have made policy decisions often against their own long-term best interests. However, it is important to note that most countries do not excel, or fail, with regard to all 21 indicators; every nation has room for improvement. Each country will also have its own environmental priorities, attitudes, opportunities, and challenges. For example, the United States scores high in the capacity to respond to environmental challenges, but low in actually reducing environmental stress.

          ESI scores have sparked some healthy competition between nations; no one wants to be seen as underperforming compared to their peers. After the pilot ESI rankings in 2000 and the first full ESI rankings in 2002, Belgium, Mexico, the Philippines, South Korea, and the United Arab Emirates, all initiated major internal reviews that resulted in the initiation of efforts to improve environmental sustainability. Because ESI data are presented not only as an overall average but also as 21 independent indicators, countries can focus their efforts where most improvement could be made. Countries dissatisfied with their rankings have also begun to make more of their environmental data accessible. Initial rankings by ESI score had missing or estimated data in many cases, but by making more data available, more accurate overall assessments are possible. For example, the Global Environmental Monitoring System Water Program, an important source of water quality information, had data contributions increase from less than 40 countries to over 100 as a result of the ESI.

          Several similar ranking methodologies have emerged from the ESI. They vary in the number and type of variables included and indicators produced. Some also calculate an overall average by weighting some indicators more than others. However, they all share the same 0-100 scale and have individual indicators that allow targeted improvement of the overall scores.

        
        Emergy Performance Index

          One drawback of the ESI is that the indicators measure items as different as percentage of endangered animals, recycling rates, government corruption, and child mortality rates. The scope of the variables has been criticized because they may not be comparable in importance, and many others could be added. The term, emergy, is a contraction of EMbodied enERGY. The emergy performance index (EMPI) differs in omitting the social variables, and instead creates a single unit that can be used to describe the production and use of any natural or anthropogenic resource.

          The first step of calculating EMPI is to inventory all material and energy inputs and outputs for all processes and services. Every process and service is then converted to its equivalent in emergy. The amounts of emergy of each type are summed. There are several possible ways to group emergy by type and to combine the data, but generally the goal is to create either a measure of emergy renewability (as an indicator of stress on the environment) or emergy sustainability (which combines renewability with the total productivity and consumption or emergy).

          Calculating the emergy equivalents of materials and energy can be done easily with a conversion table, but creating the table can be a challenge. Burning coal releases an amount of energy that is easy to measure and easy to convert to emergy. However, determining the amount of energy required to create coal is nearly impossible. Similarly, how can you quantify the emergy conversion factor for objects like aluminum or for ecosystem services like rainfall? It is difficult, but possible, to place a dollar value on those objects and services, but assigning an energy equivalent is even more tenuous. While converting everything to a common unit, emergy, simplifies comparisons of diverse activities and processes like soil erosion and tourism, there are concerns about the accuracy of those conversions.

        
      
      
      Comparisons

        There are no perfect measures of sustainability, and different indicators can sometimes give conflicting results. In particular this happens when perspectives on the most important components of sustainability, and the methods to address them, differ. Therefore, it is often useful to examine the main characteristics of several Environmental Performance Indicators to find the one most appropriate for a particular study. As an example, ESIs, EMPIs, and ecological footprinting (discussed in a previous section) are compared below.

        Ecological footprinting (EF) has units that are the easiest to understand – area of land. Both EF and EMPI employ only a single type of unit, allowing for use of absolute variables and permitting quantitative comparisons. However, EF does not use multiple indicators to allow for focused attention on impacts. EMPI can also be used as scaled values (such as the proportion of emergy from renewable sources), in the same manner as ESI. However, ESI combines multiple units of measurements, which can provide a more holistic perspective, but at the same time leads to concerns about combining those data.

        Of the three, ESI and EMPI take into account wastefulness and recycling, and only ESI includes the effects of all emissions. But while ESI includes the most variables, it is the most complex to calculate; the simplest to calculate is EF.

        Because ESI includes social and economic indicators, it can only compare nations (or in some cases, states or other levels of governments). EF and EMPI are effective at comparing countries, but can also be used at scales from global down to individual products.

        All three of the EPIs compared here can be useful, but each has their limitations. Additionally, there are scenarios where none of these are useful. Specific environmental education projects, for example, would require different types of performance indicators.

      
      
      Review Questions

        
          
            What is the difference between energy and emergy?

          

        

        
          
            In what way(s) is ESI a better method of assessing sustainability than EF and EMPI?

          

        

        
          
            The ESI creates indicators in five areas. In which of the areas do you think the indicators are the least reliable?

          

        

        
          
            Why do EPIs require multiple data points to be useful?

          

        

      
      
      Additional Resources

        Environmental Sustainability Index (http://sedac.ciesin.columbia.edu/es/esi/) 

        EPA MyEnvironment (http://www.epa.gov/myenvironment/) 

      
  
  Glossary

    
      	emergy (EMbodied energy)

      	The unit of energy into which any resource, product, or process can be converted to simplify comparisons between diverse items.
      

    

    
      	emergy performance index (EMPI)

      	Value produced by converting all materials and processes to amounts of energy in order to evaluate renewability and sustainability.
      

    

    
      	environmental sustainability index (ESI)

      	A composite value produced by including ecological, social, economic, and policy data.
      

    

    
      	environmental performance indicators (EPI)

      	Any of the ways in which environmental outcomes and/or impacts can be assessed.
      

    

    
      	impacts

      	Long-term and more widespread results of an activity.
      

    

    
      	inputs

      	The specific resources or services used by an activity.
      

    

    
      	outcomes

      	The short-term results of an activity.
      

    

    
      	outputs

      	The goods and services being created by an activity, and the manner and degree in which they are delivered.
      

    

  

  
The Human Dimensions of Sustainability: History, Culture, Ethics
This module introduces the chapter "The Human Dimensions of Sustainability: History, Culture, Ethics" in "Sustainability: A Comprehensive Foundation"

      
      Source: Earth Day Network
            [image: The Human Dimension of Sustainability]
          

           
        
      
      Once we begin talking about sustainability, it’s hard to stop. That’s because sustainability is truly the science of everything, from technical strategies for repowering our homes and cars, to the ecological study of biodiversity in forests and oceans, to how we think and act as human beings. This latter category—the “human dimensions” of sustainability—is the focus of this chapter. Much sustainability discourse focuses on scientific, technical and regulatory issues, but there is increasing awareness that without changes in people’s attitudes and patterns of behavior, and how these attitudes are reflected in public policymaking priorities, meaningful reform toward a more sustainable management of natural resources will be impossible. One key to this problem is that we are accustomed to thinking of the environment as a remote issue. Even the words “environment” and “nature” themselves suggest the habitual view we take of ourselves as somehow independent of or superior to the planet’s material resources and processes. The truth is different. Humanity is but a thread of nature’s web, albeit an original and brilliant thread. So brilliant indeed that we are now shaping the evolution of the web itself, to our short-term advantage, but in ways that cannot be sustained.

      
      One example of the centrality of the human dimensions component of sustainability studies is the fact that sustainable technologies of food and energy production are increasingly available, but have yet to be adapted on the necessary scale to make a difference to humanity’s overall environmental footprint on the planet. Many look to technology for answers to our myriad environmental problems, but the fact that even the limited technological innovations that exist lack support and have been inadequately deployed is a complex human issue, touching an essential resistance to change in our economic and political structures, our lifestyles and culture and, at the micro-level, basic human psychology and behavior. This chapter will explore these human dimensions of the sustainability challenge, with an emphasis on the historical and cultural factors that have placed us on our dangerously unsustainable path, and which make changing course so challenging.

      
      Sustainability in human terms is, first and foremost, a commonsense goal: to ensure that conditions on earth continue to support the project of human civilization, that widely diverse populations of the global community not slip into protracted crisis on account of deteriorating environmental conditions and depleted resources. This preventive dimension of sustainability discourse inevitably involves doom projections. Despite the popularity of apocalyptic, end-of-the-world scenarios in Hollywood movies, science fiction, and some corners of the blogosphere, the biological end of the human race remains scarcely imaginable—we will continue on, in some form. But in the emerging perfect storm of food stock declines, water scarcity, climate disruption, and energy shortfalls, there now exist measurable global-scale threats to social order and basic living standards that are the material bedrock of civic society as we recognize it.

      
      The dramatic environmental changes underway on earth are already impacting human social systems. Droughts, floods, and rising sea levels are taking lives, damaging infrastructure, reducing crop yields and creating a new global underclass of environmental refugees. The question is how much more serious will these impacts become and how soon? There are no reassuring answers if we continue on a business-as-usual path. One thing about sustainability in the twenty-first century is certain: individual nations and the international community together will need to both mitigate the projected declines of the planet’s ecosystems, and at the same time adapt to those that are irreversible. As one popular sustainability policy mantra has it: “we must strive to avoid the unmanageable, while managing the unavoidable.”

      
      The environmental historian Sing Chew sees in the cluster of environmental crises of the early 21st century the hallmarks of a potential new Dark Age, that is, a period of conflict, resource scarcity and cultural impoverishment such as has afflicted the global human community only a few times over the past five millennia. The goal of sustainability, in these terms, is clear and non-controversial: to avoid a new and scaled-up Dark Age in which the aspirations of billions of people, both living and yet unborn, face brutal constraints. The implications of sustainability, in this sense, extend well beyond what might ordinarily considered “green” issues, such as preserving rainforests or saving whales. Sustainability is a human and social issue as much as it is “environmental.” Sustainability is about people, the habitats we depend on for services vital to us, and our ability to maintain culturally rich civic societies free from perennial crises in food, water, and energy supplies.

  
  Glossary

    
      	adaptation 

      	Focuses on the need for strategies to deal with the climate change that is unavoidable because of increased carbon already in the atmosphere.
      

    

    
      	mitigation

      	Refers to the importance of reducing carbon emissions so as to prevent further, catastrophic changes in the climate system.
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