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EAEE E4001 Industrial Ecology of Earth Resources

Week 1: INTRODUCTION TO INDUSTRIAL ECOLOGY

Sustainable development

The United Nations has defined sustainable development” as : 

“..meeting the needs of the present generation……without compromising the ability of future generations to meet theirs”

This may sound as a very unselfish and idealistic goal but, in fact, the rapid growth of the human population and the effects of their activities have, in the course of only fifty years, become major factors on Earth’s climate, or what we generally call the “weather”. For example, the number of “extreme events” that cause damage in excess of one billion dollars, such as floods and hurricanes has increased noticeably; although there are some who claim that such events are not related to anthropogenic impacts, most scientists have seen enough evidence, such as the rapid increase of carbon dioxide in the atmosphere, to believe that it is about time for us to do something for our sake let alone that of the future generations. 


As a result of these serious concerns, government and industry have started in the last few decades to consider and put into effect that measures that in their sum total will reduce the environmental impacts of human activities. At the same time, no one wants to sacrifice their material standard of living. On the contrary, there are five billion people in the poorer developing nations who aim to increase their standard of living to that of the sixth, “golden” billion of humanity. 

How can we decrease environmental impacts without sacrificing economic development? To answer this question, we need to consider a simple but very illuminating formula that has been called “the master environmental equation”:

 Global environmental impacts  =  

     = Sum of all nations (population*$GDP/capita*environmental impact/$GDP)  

where the last term represents the sum total of the impact/GDP ratios for all GDP producing activities in a nation.


This equation shows that the first thing each country can do is to control their population and some, like China, have been more successful in that than others, like India. The GDP/capita term represents the material standard of living and, as we said, it is not politically wise to try to reduce it or even to hold down. The third term is the one that scientists and engineers can do something about and in fact is the subject of this course. 


At this time the Gross Domestic Product of a nation includes all products and services that were paid for in dollars or other currency. Regrettably, it does not include the true environmental costs of a particular activity. For example, when a consultant provides a service from her home, the GDP will increase by the amount of the fee she receives; however if she travels across the country to provide the same service, the GDP increase will be greater (travel costs, travel fees) although the environmental impact in the second case is obviously higher. As another example, an oil producing nation includes the oil revenues in its GDP but on the cost side of the ledger does not consider the cost of the loss of a non-renewable national resource.

Industrial Ecology
   


Industrial Ecology is an emerging discipline that attempts to bring together physical, biological and social scientists to develop the tools for long-term management of the Earth . Of course technologists have a special responsibility to keeping mother Earth in good shape because they have developed the engines of the unprecedented economic development in the 20th century. With regard to engineering and technology, Industrial Ecology can be defined as the reconfiguring of industrial activities with full knowledge of their environmental consequences.  In her work, the 21st century engineer must take into account the needs of the market and the environment.

Industrial Ecology was initiated in response to the perceived need for sustainable development and is less than ten years old.  It is at the same stage of development as computer science was in the late fifties. However computer science is focused on a specific subject while. Industrial Ecology, by its very nature, has to deal with all industrial activities. If it develops to be a new engineering discipline, it will be more along the lines of industrial engineering but with specific focus the environment. Of course, if the traditional engineering disciplines broaden their scope purposely to include environmental consequences, there will not be a need for an IE discipline. In either case, the IE methodology will continue to advance and be used by scientists and engineers.


In some areas of industrial activity, the philosophy and methodology of IE has a different name such as “green chemistry”, “green  architecture”, “environmental manufacturing”, etc. However, “a rose by any other name is still a rose”. The IE name is gaining ground in the U.S.; both the National Academy of Engineering and the New York Academy of Sciences have organized IE activities and projects. Also, there is now a prominent Journal of Industrial Ecology (www.yale.edu/jie; mitpress.mit/JIE).

Aspects of Industrial Ecology

Industrial ecology examines a) the effect of human activities and material flows on the local, regional and global environment, and b) the design or redesign of processes and products so as to minimize adverse environmental effects. In contrast to traditional engineering where environmental considerations relate to the production or manufacturing plant, IE assesses environmental burdens over the entire life of a product or service, from the extraction of raw materials, to production, use, and recycling or disposal..

Some of the IE tools that will be discussed and applied during this course are:

· Material and energy flows studies ("industrial metabolism");

· “Dematerialization” and “decarbonization”;

· Life cycle assessment 

· Design for the environment;

· Extended producer responsibility ("product stewardship").

Industrial Ecology of Earth Resources: Materials and the Environment

The name of this IE course shows that it concentrates on the subjects of the provision, use, and disposal of materials. The inanimate resources of the Earth  are its minerals, its fossil fuels and the very substance of life, water. You may be astonished to know that, on the average, each U.S.citizen uses annually several tons of minerals and other solids; she also uses nine tons of fossil fuels and a few thousands tons of water (Please note that throughout this course we will be referring to metric tons, the world’s standard that is equal to 1000 kg; to convert a metric ton to the old British standard, i.e. the US ton, you have to multiply by 1.1). On the average, the U.S. consumption of fossil fuels and metals represents about 25% of the world total. The rest of the world’s “golden billion” uses up another 50%. The rest is divided amongst the nearly five billion of the developing nations. You can see why there is some difficulty, e.g. during the Kyoto talks, for the have-nots to agree to curtail economic development for the sake of the global environment.

Some of the Earth resources are renewable and some are not. In terms of quantity used, water (H2O) is by far the primary material; although we consume a small amount, on the average we use several hundred tons per year for residential and industrial uses. Next in mass use are minerals that are used principally for construction and metal production. 

Both water and minerals are theoretically recyclable so there will be no shortage in the foreseeable future. However, the next class of materials, fossil fuels are non-renewable and their resources are finite, as we will discuss in this course. Also, the combustion of one ton of fuel generates nearly one ton of carbon that is emitted as carbon dioxide and that’s what is suspected to be behind the “extreme events” of the second part of last century and may be even worse in the 21st century.

Mineral Resources of the Earth


When people speak of “environmental control”, they usually think of measures to avoid contamination of water, air and soil. However, the conservation of non-renewable resources, namely fossil fuels and minerals, is an important second dimension. Iron and aluminum resources are relatively abundant but the global resources of copper, zinc and other essential metals are constantly decreasing. For example, the average grade of mined copper ores has decreased by a factor of two since 1950: about two to three hundred tons of ore must be processed - and hundreds more moved aside as ore waste - to produce one ton of metal. Accordingly, the amount of energy used to produce a unit of metal has increased with time, despite advances in mining and mineral processing technologies. Prof.essor Kellogg of Columbia University, a pioneer in the methodology of industrial ecology, in 1978 pointed out that the imminent threat to global mineral supplies was not their eventual exhaustion but the cost of recovering metal from progressively lower-grade minerals that would become prohibitive. He pointed out that the types of ores mined in the twentieth century contained discrete fine grains of minerals that can be recovered by physical separation; however, ores of the future where metals are finely disseminated throughout the ore would have to be subjected to direct pyrometallurgical or hydrometallurgical treatment requiring ten to one thousand times more energy per unit of metal, depending on the ore grade (Figure 2).

The Role of Metals


Throughout history, metals have played a very important role in the history of civilization, as witnessed by the naming of the Bronze and Iron Ages. Their strength makes them the preferred material to provide structure, as girders for buildings, rails for trains, chassis for transportation vehicles, and containers for liquids.  Metals are also uniquely suited to conduct heat, and transport electricity and fluids, functions that are indispensable to industrial economies. 


Even now, when “information technology” and “advanced materials” are the favorites of research funding agencies, primary metals continue to be the bones, bloodlines, legs and skin of modern civilization. For example, fiber optics have replaced copper in telecommunication systems but only metals can be used to generate and transport electricity. Also, more copper will be required when solar cells replace fuel combustion and electricity has to be transported from high insolation areas to countries in colder climates. The basic and unique properties of metals (including the ability to work them into complex shapes) ensure that long term demand for metals will certainly grow


As an example of the importance of metals in modern society, the total amount of copper used in six thousand years of documented history represents a small fraction of the amount used in the 20th century: In 1900, the global annual production of copper was only half a million metric tons. By 1929, the production and consumption of copper quadrupled to 2 million tons and then there was a modest increase to 2.5 million by 1950. From 1950 to 1990, the refined copper consumption quadrupled again to a maximum of about eleven million tons (Figure 1, Themelis, 1994). Since copper is used principally in electrical and water conduits and in heat exchangers, its consumption can be used as a measure of the material standard of living. It ranges from about 10 kg per capita for the highly developed nations, to 0.6 kg for China and only 0.2 kg per capita in India. The 1990 world average consumption was about 2 kg per person annually. Therefore, in order for the rest of the world to reach the material standard of living of the developed nations, without a substantial increase in resource productivity (service provided per unit of metal used), the current level of global production would have to be increased by as much as 400%. 

Materials Engineering for Industrial Ecology 



As a result of lack of students registering in traditional metallurgical programs, many U.S. schools have shifted to “materials science and engineering” that deals principally with engineered materials. In the long run, this can be debilitating for a nation because mining and extractive metallurgy have been concerned with processes that deal with thousands of tons of materials instead with the kilograms involved in the manufacture of semi-conductors and other such advanced materials. So, who is the 21st century “client” concerned with phenomena that involve thousands and millions of tons of materials? The answer is “planet Earth” or what is more often called “the environment”.  Taking as an example New York City, nearly four million tons of harbor sediments must be dredged every year to allow for deep draft boats to enter. In the past these sediments could be disposed at a nearby ocean “dump” but, a few years ago, the U.S. Environmental Protection Agency concluded that they were too contaminated by anthropogenic substances to be dumped in the ocean and some other way must be found. As another example, when the Fresh Kills landfill of New York City closes at the end of 2001, “some other way” must be found to take care of millions of tons of solid wastes. The following tabulation shows how the extraction technologies of the 20th century can be very useful in dealing with the environmental problems of the 21st century and beyond.
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