Week 5: LIFE CYCLE ANALYSIS


Life Cycle Analysis (LCA) is one of the most developed tools of industrial ecology. It consists of an objective and, as much as possible, quantitative evaluation of the material/energy flows and of the environmental impacts associated with a process, product or other industrial activity. The name LCA  indicates that the analysis must include the entire life cycle of the activity  starting with extraction and processing of raw materials, manufacturing, transportation, distribution, use/maintenance, and recycling or final disposal. However, in certain cases, the analysis concentrates on only some of these stages.


The practical objective of  LCA  is to ensure that the respective impacts of alternative processes, products, and other activities on the environment  are examined thoroughly and that opportunities to minimize adverse effects are evaluated and implemented. There are now LCA societies in several countries. Also, there is a Journal of Life Cycle Assessment published in Germany; it is the official organ of the Japan, India, and Korea LCA societies (www.scientificjournals.com). 

International Standards Organization ISO 14000


The International Standards Organization (ISO) has been setting international standards for product quality (ISO 9000 series) and other areas of commercial activity amongst nations. The ISO 14000 series  intends to set environmental standards for  products and services traded internationally. In contrast to the ISO 9000 standards that are mandatory, the ISO 14000 standards are at this time recommendations by ISO to the international industry. However, several forward looking companies, like Pratt & Whitney (see Week 4  lecture notes), have started to incorporate them in their operations and business plans. Also, buyers of products are looking closely at the ISO specifications and use some of them as specifications in their requests for bids. E.g., we heard in this course about Canadian manufacturer Bombardier specifying that certain hazardous materials must not be used in the manufacture of engines for their aircraft.


The ISO 14000 series includes ISO 14040 (1997) that is titled “Life Cycle Assessment –Principles and framework”.  This standard is very close to the academic description of LCA and states that the LCA analysis consists of  four stages:

· Goal and scope of the LCA

· Inventory analysis (i.e., material and energy flows)

· Environmental impact assessment

· Interpretation of results, improvement  analysis and recommendations.


The inventory analysis is the best developed stage at this time because it follows the line of conventional technical and economic analysis of new processes and products: Material and energy balances are constructed that include raw materials, reagents, products, by-products and also the resulting solid, liquid and gas emissions. 


The impact assessment uses the results of the inventory analysis to

· Assign the inventory data to various impact categories (e.g., health effects, damage to ecosystems, resource conservation).

· Quantify (as much as possible) and then sum the impacts within a certain impact category (i.e., characterization within a category)

· Attempt to add up the impacts in various categories into a single number that represents “environmental cost”; this can be done only in some cases  and when meaningful weighting coefficients (for each category, such as human health and ecosystems quality) are available. 


The “weighting coefficients” are numbers by which one multiplies the impact of each category in order to come up with the sum total (e.g., Total impact = a*A + b*B+…, where a, b are coefficients and A, B the sums of impacts in categories A and B). Since ISO has to deal with international commerce, it recognized that when it comes to assigning weighting factors, different nations and geographic areas may have different notions of the relative importance of each category. For example, the threat of disease or death of a minute fraction of the population has led the U.K. and France to destroy large numbers of cows infected by the “mad cow “ disease. However, the head of an African nation where hundreds of thousands of people are dying because of famine declared publicly that his country would welcome these animals as being the lesser of two evils. As another example, the emission of photochemical oxidants will have more of an adverse effect in a city than in a rural area.


Therefore, ISO 14042 (“LCA – Life Cycle Impact Assessment”) states that the “weighting” step is optional and should be based on “value choices and not on natural science”. Accordingly, manufacturers are requested not to use the results of “weighting” for public assertions of comparative advantage to other companies. However, some highly developed countries, like Japan, need a weighting methodology for internal use and  some such methods have been proposed. The National LCA Project in Japan has examined some of the proposed methodologies by means of case studies of specific industrial products. The four methodologies examined were (Itsubo et al 2000): 

a) Matsuno, 1998: Site-specific weighting is applied only to emissions that have a local impact (e.g., impacts on coastal or urban areas; carbon dioxide emissions were not included in the site-specific weighting).

b) Yasui. 1998: Time-dependence of impacts (e.g., time period of impact and number of people affected).

c) Nagata, 1996: Expert opinion: Weighting factors are assigned as a result of  responses from a large group of experts.

d) Itsubo (1998): Impacts are related to two categories, inputs and outputs. Prospective “damage functions” are established for each category and are then aggregated to provide a single index of environmental impact.

Safeguard objects: What is worthwhile on life?


The weighting process starts with identifying “safeguard objects”. These are defined as elements of the natural environment that the community considers them worthy of protection. They include

· Human health

· Ecological quality

· Natural and semi-natural ( man-made) habitats

· Biodiversity

· Depletion of natural resources

· Economical productivity, specially in agriculture (EPS 1996)

· Aesthetic values in nature (EPS 1996)


The last two categories were proposed in the Environmental Priority Strategy (EPS) developed by Volvo in Sweden ( Steen, Ryding 1992). EPS uses the Environmental Load Units discussed earlier in this course (Week 3)  for quantifying the costs of emissions to the environment. The costs caused by the depletion of natural resources are measured by projecting the costs of mining the last remaining reserve of a given mineral or fossil fuel. The costs of lowering productivity are quantified by the estimated loss of income in agriculture. The costs of damaging the other safeguard subjects are estimated by the willingness of people to pay to protect them (the New York Park Restoration Program of Bette Middler succeeded because people were willing to donate their money for places they had never been to). In summary, all factors that may worsen the environment are measured in dollars or other currency. 


Goedkoop (1995) in his first formulation of Eco-indicators tackled the difficult question as to how one compares impacts on humans with impacts on other biota. He proposed the following equivalency: One additional death per million inhabitants per year =health complaints caused by smog periods=reducing an ecosystem  by 5% of its population.

Steen, B; Ryding, S.O. 1992 “The EPS Enviro-accounrting Method” Swedish Environmental Research Institute, Federation of Swedish Industries, Goteborg; Goedkoop, M. 1995, “The Eco-indicator1995, Amersfoort press. 

Impact categories and substances to be considered


The number of substances that are considered in the inventory analysis can be very large, depending on the product or process considered. For example, more than ninety substances (e.g. CFC 11, halons, HCFCs, etc. ) need to be considered with respect to impacts on the ozone layer. Table 1 shows the Impact Categories and the number of substances considered in assessing impacts in the four Japanese methodologies mentioned earlier.

Eco-indicators 99  

	           One of the most prominent LCA methodologies is Eco-indicators 99 (Eco-99). It was developed originally by Goedkoop (Goedkop 1995) and more recently by him and Pre Consultants in the Netherlands (www.pre.nl). The basic principle behind Eco-99 is that as many engineers as possible should be able to carry out a Life Cycle Assessment in order to evaluate the projected environmental impacts of their design. However, not all engineers can be or should be environmental specialists. Since designers cannot consult an environmental expert in every case, they need a reliable tool to measure the environmental consequences of their design decisions. The Eco-indicator 99 was designed with this need in mind. 

	         This method is used to calculate standard indicator scores for frequently used materials and processes. These are available in the form of the  Eco-indicator 99 Manual for Designers and in the software package ECO-it Design for Environment. The Eco-99 scores are based on an impact assessment methodology that transforms the data of the inventory table into damage scores which can be aggregated, depending on the needs and the choice of the user, to damage scores for each of three damage categories; and then aggregated to a single score for a particular product or process. In the 1995 edition (Eco-indicator 95) over 100 such standard indicator values were available. However, in the intervening years, major companies such as Philips have calculated several hundred of additional scores for specific materials, such as electronics and batteries, that are now included in Eco-indicators-99. With these scores, designers are able to analyze their design quickly. Of course, this task is not as easy for complex products. 

         For the sake of simplicity, in Eco-99 adverse effects on the environment are divided into three broad categories: Effects on human health, on ecosystems quality (flora and fauna), and  on resources of the Earth.

	

	

	


Effects on human health

Under this category, Eco-99 counts number of people and length of sickness and life years lost because of premature death, due to environmental effects.  Such effects include climate change, ozone layer depletion, carcinogenic effects, respiratory effects and ionising (nuclear) radiation. Impacts on human health are expressed in Disability Adjusted Life Years (DALY). This method is used by the World Health Organization and the World Bank. It contains a scale that rates different disability levels.  Damage models were developed for respiratory and carcinogenic effects, the effects of climate change, ozone layer depletion and ionizing radiation. The analysis for Human Health effects involves four steps: 

· Fate analysis links an emission (expressed as mass) to a temporary change in concentration.

· Exposure analysis links this temporary concentration change to a dose.

· Effect analysis links the dose to a number of health effects, such as occurrence and type of cancers.

· Damage analysis translates health effects to DALYs, using estimates of the number of Years Lived Disabled (YLD) and Years of Life Lost (YLL).

Effects on Ecosystems Quality: 

This category quantifies environmental impacts on species diversity, including vascular plants and lower organisms. In Eco-99, Damages to ecosystems quality are expressed as  percentage of species that have disappeared in a certain area due to the environmental load (Potentially Disappeared Fraction or PDF). The PDF is then multiplied by the area size and by the time period of exposure to obtain the damage. Obviously, the category Ecosystem Quality is not as homogeneous as that of Human Health. It consists of three principal segments: Ecotoxicity, Acidification/ /eutrophication, and Land use/transformation.

· Ecotoxicity is expressed as the percentage of all species present in the environment that are living under toxic stress (Potentially Affected Fraction or PAF). The following graph shows how PAF is related to contaminant concentration (or Hazard Units) in a certain area. 
Damage to Ecosystem Quality is indicated by the Potentially Affected Fraction (PAF) of species. The dose-response relationship of the ambient mixture of substances follows a logistic curve. Concentrations of single substances are standardized to Hazard Units (HU) that represent the background mixture of substances.
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Relationship of Potentially Affected fraction to Hazard Units

· Acidification and Eutrophication are treated in Eco-99 as a single impact category. Damage to target species (vascular plants) in natural areas is modeled. This model was based on Netherlands data and it is not suitable to model the effect of phosphate fertilizers.
· Land use and transformation is based on empirical data of the occurrence of vascular plants as a function of types of land-use and of area size. Both local and regional damage on ecosystems are taken into account. 
Resources

This category includes the additional energy that will be needed in future to extract lower grade mineral and fossil resources. The depletion of agricultural and bulk resources, such as sand and gravel, is considered under land use. As we will discuss in the Metals section of this course, although some minerals like iron and aluminum exist in abundance, the ore grade (i.e. % of metal in the ore) is decreasing continuously with time.  The highest grade ores are the most profitable to mine. Therefore, progressively lower grade (i.e. concentration) minerals are left  to future generations. For example, in the course of the last century, the grade of copper ores mined decreased from over 1% to less than 0.5%. Lower grade ores require more effort to process and larger amounts of electrical or fossil fuel energy per unit of metal produced. In Eco-indicators 99, this extra effort is called  “surplus energy” (Müller-Wenk 1998). 

The same applies to fossil fuels. As we will discuss in the section “Fossil fuels”, the same is true for oil and gas resources: Fuel deposits found more recently are smaller and deeper in the ground, require the use of energy  to bring to the surface, and the extracted fuels are mixed with other materials (e.g. oil with shale, natural gas with carbon dioxide, methane hydrates, etc.).  Although the overall fossil fuel resources have been estimated at about 20,000  billion tons of oil equivalent, i.e. enough for 3000 years at today’s rate of consumption, most of these “reserves”  may require more energy to bring up and process than is chemically locked in the fuel. The following chart (Pre Consultants 2001) shows clearly that  despite great advances in geophysical and computer technologies for exploration, discoveries of “giant” deposits is a thing of the past. 
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	Diminishing size of oil reserves with year of discovery (Pre Consultants)

	Eco-99 recognizes that there can be other environmental impacts, such as loss of esthetic values, damage to cultural heritage, etc. that are not considered in the above three categories. However, it is reasoned that if at the present time one can capture the major impacts with three categories.



	


The LCA flow diagram of  Eco-indicators 99   (info@pre.nl)).
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