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Abstract: The performance of systems, products and services has always been a concern 

of designers, operations and maintenance engineers since the beginning of the past 

century. This aspect has been addressed over time in the last Century by devising several 

performance attributes like quality, reliability, maintainability, safety/ risk of what could 

be called as attributes of dependability. This was indeed required in order to promote 

economic and efficient utilization of resources and to optimize performance. But with 

environmental concern becoming all pervading, the emphasis has to shift to develop 

products, systems and services that are not only dependable but sustainable as well. 

The aim of this concept paper is to propose a procedure of designing products, systems 

and services based on an overall index of performability so that it could be used as criteria 

for developing future designs.  

                Keywords: Performance attributes, dependability, sustainability, performability,  

                performability engineering   

1. Introduction 

In order to meet the demand of increasing population with fast depleting resources of the 

world and alarming rate of degradation of Earth’s environment, emphasis has now shifted 

to the concern for developing sustainable products, systems and services that must not 

only be dependable but sustainable and this has to be accorded the topmost priority, if we 

have to save Earth from impending environmental catastrophe. We have already wasted 

considerable amount of Earth’s resources and spoiled it’s the pristine environment. We 

need now to arrest this trend and try not to degrade the environment any further so that the 

future generations can survive and thrive in years to come and there is enough for 

everyone to share the remaining resources of the world while reaping the benefits of new 

technological innovations. 

    Theoretically, the long-term result of environmental degradation would be the inability 

of Earth to sustain human life. Such degradation on a global scale could imply extinction 

for humanity, which in fact evolved over several millions of years since the birth of the 

planet under the most favourable and unique conditions exclusive to it in the Solar system. 

     So far as the current knowledge about Solar system is concerned, the Earth alone 

appears to be the planet, which holds a habitable atmosphere for sustaining life. 

Unfortunately, humans have not been treating the Earth as an important a precious habitat 

of humanity since the advent of industrial revolution. Its resources are being squandered, 

abused and misused and the planet is on the brink of devastation due to over-exploitation 

and wastage of its precious resources. Increasing population [1], over-exploitation of 

resources on one hand and their wastage on the other hand may lead humans to surpass 

the carrying capacity of Earth [2-4]. 

     Realizing the gravity of the situation, more than 1700 scientists, including 102 Noble 

laureates collectively signed a Warning to Humanity in 1992, which reads as follows:   
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     “No more than one or few decades remain before the chance to avert the threats we 

confront, will be lost and the prospects for humanity immeasurably diminished… A new 

ethics is required- a new attitude towards discharging responsibility for caring for 

ourselves and for Earth … this ethics must motivate a great movement, convincing 

reluctant leaders, reluctant governments and reluctant people themselves to affect the 

needed changes”     

     Environmentalists and economists increasingly agree that efforts to protect the 

environment and to achieve better living standards are closely linked and are in fact 

mutually reinforcing factors. Slowing the increase in population, especially in the face of 

rising per capita demand for natural resources and energy consumption, can take pressure 

off the environment and buy time to improve living standards on a sustainable basis.  

     The Brundtland Report [5] in 1987 emphasized the importance of sustainable 

development as the pathway for future progress and defined it as the “development which 

meets the needs of the present without compromising the ability of future generations to 

meet their own needs”. Inherently the concept of sustainable development is intertwined 

with the concept of carrying capacity 

     In any case, in 21
st
 Century, we have entered an era in which global prosperity would 

depend increasingly on using Earth’s resources, wisely, more efficiently, distributing them 

more equitably, reducing wastages and in fact reducing their overall consumption levels. 

Unless we can accelerate this process, serious social tensions are likely to arise (leading to 

wars, Gulf War is an example) resulting from increased competition for usurping the 

remaining scarce resources of Earth. 

      

2. Conventional  Criteria of Design of Products and Systems  

 

It is evident from the history of industrial development that humans have always been 

striving to make better systems or products or tools that perform well.  Over several 

decades, we learnt to make our systems more and more efficient, dependable and cost 

effective in order to exploit Earth’s resources wisely. This started with quality 

consciousness of 1930s. How good a product or a system meets its performance 

requirements depends on various performance characteristics, such as quality, reliability, 

availability, safety and efficiency [6-7]. A product having these attributes is usually 

expected to perform well over its lifetime while incurring minimum life cycle costs.  

     Initially, a customer or a user was happy to accept a product as long as it was 

supported with a warranty. A customer may also have some protection in law, so that he 

may claim redress for failures occurring within the warranty period. However, there is no 

guarantee of performance, particularly outside the warranty period. Even within a 

warranty period, the customer usually has no grounds for further action if the product fails 

once, twice or several times, provided that the manufacturer offers to repair the product 

each time. If it fails often, the manufacturer will suffer high warranty costs, and the 

customers will suffer inconvenience. But outside the warranty period, it is only the 

customer who is left to suffer the consequences of failures. The manufacturer at most may 

suffer a loss of reputation and possibly future business. 
     Therefore, need to have the requirement of a time-based concept of quality was felt. 

The inspectors’ concept was not time-dependent nor did it ensure that the product will be 

able to function satisfactorily under the actual conditions of environment of use since 

quality tests either pass a product or fail it. This led to design of products with reliability 

which is concerned with failures in the time domain of the product’s use. This distinction 

also marked the difference between traditional quality control and reliability engineering. 
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     While a product manufacturer suffers the costs of failure under warranty. Problem 

arises when we try to quantify reliability values, or try to assign financial or other benefit 

values to levels of reliability. In fact, compulsion to reduce product costs and to compete 

in the market, along with the pressure of schedules and deadlines, the cost of failures, 

rapid evolution of new materials, methods and complex systems, and safety 

considerations all emphasized ever-increasing compulsion to develop better products. 

     Maintenance is considered as another important attribute of product performance after 

reliability. Broadly speaking, maintenance is a process of keeping an equipment or unit in 

its operational condition either by preventing its transition to a failed state or by restoring 

it to an operating state following a failure. There are several maintenance practices, such 

as preventive, predictive or corrective, and many maintenance strategies that can be used 

to realize the objective of maintenance. Maintenance in reality compliments and 

compensates for reliability and is an effective tool for enhancing the performance of 

repairable products or systems. It may be observed that the cost of design and 

development, manufacturing, and maintenance costs are inter-dependent. For example, a 

highly reliable product will have lower maintenance costs. But to produce reliable 

product, we may have to incur increased cost of design and manufacturing. The poor 

deficient performance attributes not only affect the life cycle costs but also have effects in 

terms of environmental consequences. Degraded performance attributes do reflect more 

on the material and energy demand and wastes and cause more environmental pollution 

when reckoned over a given period of time. Obviously, a product with poor dependability, 

which includes quality, reliability, maintainability, availability, safety or efficiency, will 

incur more life cycle costs and would be uneconomical to use. 

     Safety is another attribute, like other performance characteristics, such as quality, 

reliability and maintainability, which allows a system or a product to function under 

predetermined conditions of use with a minimum acceptable accidental loss or risk. All 

technological systems have hazards associated with them. A hazard is an implied threat or 

danger of possible harm. Stimulus is required to trigger a hazard. This stimulus could be a 

component failure, operator’s failure, maintenance failure or combination of events and 

conditions. Safety is a planned, disciplined and systematically organized and before-the-

fact activity characterized by an identify-analyze- control strategy. Safety is designed into 

a system or product before it is produced or put into operation. Hazard analysis is the 

corner stone of safety design. Anticipating and controlling hazards, which involve risk of 

loss or harm, is the main concern in system safety design. 

     Especially, the high-risk systems such as nuclear power plants and very many chemical 

plants warrant operational safety of the highest order. Any failure in such a plant may be 

financially or economically disastrous and environmentally damaging [8-9]. For example,  

in 1984, the methyl isocyanate gas leakage in Bhopal Union Carbide plant in India [10] 

was the worst industrial catastrophe in the history that resulted in immediate death of 

2,259 persons and some 8000 in the first weeks of disaster and another 8,000 died from 

gas-related diseases.  

3.    Environmental Consequences of Industrial Development 

No economist today seriously disputes the fact that the industrial revolution began the 

transformation that has led to extraordinarily high (compared with the rest of human 

history) living standards for ordinary people throughout the market industrial economies. 

But this quest for better standard of living has put all other considerations to take a back 

seat and in fact accelerated the process of environmental degradation which has begun to 
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threaten the delicate ecological balance of the Earth through which the life on this planet 

survives. 

     The unprecedented technological development during the last century has led to over 

exploitation of resources causing serious consequences to the environmental health of the 

Earth.  The assumption that prosperity is synonymous with the quantities of minerals 

extracted from Earth, has shaped the industrial development of all countries of the world 

and therefore mineral extraction has always been on an increase. Scouring for minerals [8] 

has damaged large areas of pristine land of the world. Mining is usually a dirty industry. 

Fields are devastated, the woods and groves are cut to meet the demand of timbers, 

machines and smelting of metals and in this process some birds and animals are 

exterminated. In addition to land spoils, while the ore is washed, the water resource, 

which is generally a river or a stream, is continuously polluted and this destroys the 

marine life of the water body. Smelting produces a huge quantity of air pollution and each 

year pumps millions tons of sulphur dioxide and other harmful gases in the atmosphere.     

Non-ferrous smelters release a large amount of arsenic, lead, cadmium and other heavy 

metals in the environment.   

Grade of Ore getting Inferior with Time leads to increased Spoils 

Besides grade of ore, which is the percentage of quantity of metal content in the ore, keeps 

reducing with more and more metal having been extracted. For example, the some four 

centuries ago the copper ores contained 8 per cent metal, today it is less than 1 per cent. 

The mineral industry is also a large user of energy and contributes significantly to climatic 

changes and to local environment. Mines and smelters consume a tenth of all the energy 

produced and leave waste in billions of tons dwarfing the world’s total municipal garbage. 

For example, the Canadian mineral industry generates one million tonnes of waste rock 

and 950,000 tonnes of tailings per day, totaling 650 million tonnes of waste per year. 

Mining can deplete surface and groundwater supplies. Groundwater withdrawals may 

damage or destroy streamside habitat many miles from the actual mine site.  

     In Nevada, the driest state in the United States of America, the Humboldt River is 

being drained to benefit gold mining operations along the Carlin Trend. Mines in the 

northeastern Nevada desert pumped out more than 580 billion gallons of water between 

1986 and 2001 – enough to feed New York City’s taps for more than a year. Groundwater 

withdrawn from the Santa Cruz River Basin in Southern Arizona for use at a nearby 

copper mine is lowering the water table and is drying up the river.   

Deforestation 

    Deforestation, which is the practice of clearing the natural forests for the purpose of 

agriculture, logging etc., is another environmental issue which is threatening the basic 

existence of several plants and animals species of the world today. The statistics of 

deforestation reveal that seven countries of the world, namely, Brazil in Latin America, 

Canada and the United States in North America, Indonesia and China in Asia, Russia in 

Europe and the Democratic Republic of Congo in Africa, amount to around 60 percent of 

the total deforestation on the planet. The data compiled by the World Resources Institute 

reveals that the planet has already lost 80 percent of its forest cover to deforestation, and 

going by the alarming rate at which the trees are being cut, it won't take much time for 

100 percent deforestation.  

Greenhouse Gases 

     Greenhouse gases [8], such as carbon dioxide, methane, nitrous oxide, and ozone etc. 

are the gases in the Earth’s atmosphere that absorb and emit radiation within the thermal 
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infrared range. This process is the main cause of the greenhouse effect or warming up the 

planet. Earth's surface would be on average about 33 °C (59 °F) colder than at present. 

Other greenhouse gases include sulfur hexafluoride, hydrofluorocarbons and 

perfluorocarbons. Since the beginning of the Industrial revolution or 1750, human activity 

has substantially increased the concentration of carbon dioxide (mainly due to burning 

fossil) and other greenhouse gases, leading to global warming and changes in weather 

conditions [11]. Over the 1900-2005 period, the U.S. was the world's largest cumulative 

emitter of energy-related CO2 emissions, and accounted for 30% of total cumulative 

emissions (IEA, 2007, p. 201). The second largest emitter was the European Union, at 

23%; the third largest was China, at 8%; fourth was Japan, at 4%; fifth was India, at 2%. 

The rest of the world accounted for 33% of global, cumulative, energy-related CO2 

emissions. Fossil fuel burning and ever-increasing vehicular exhaust are other areas of 

serious concern for environmental degradation. 

     Therefore, ever-increasing deforestation, large scale mining, depletion of mineral 

resources and fossil fuel reserves, green house gases, ozone layer depletion, waste dumps 

including radio-active waste, air pollution due to vehicular exhaust, acidification, 

pollution of water bodies (lakes, rivers, sea etc.), noise, energy losses are all leading to 

increase our woes and disrupt the delicate ecological balance that existed on earth to 

sustain life on this planet. Thoughtless planning, execution and use have further added to 

ecological problems facing our planet.   

Carrying Capacity of Earth 

     Biologists have often applied the concept of carrying capacity in the context of 

population pressure on environment. It is defined as "the number of a given species that 

can be sustained indefinitely in a given space”. When this level is surpassed, the resources 

begin to shrink and thereafter at some point of time the population begins to decline [8]. 

In the context of human beings, the carrying capacity of Earth [5] is the number of human 

beings being sustained on planet Earth, indefinitely. In other words, a population below 

the carrying capacity of Earth would be able to survive forever. Earth today already has 

about 6.5 billion people. If we crowd Earth too much, it may affect the Earth’s ability to 

support human beings indefinitely.  Life will get worse and after a while, humans might 

start decreasing in number, or even could become extinct as is happening with several 

other species. There are controversial estimates for carrying capacity of Earth. Some 

scientists put it at 40 billion and some put it merely as 2 billion – a level that we have 

already crossed but what is certain is that if we do not bother about it, sooner or later we 

would have to face that impending disaster. On the other hand, if we conserve the Earth’s 

resources, clean up pollution, and apply our present knowledge and technological 

advancements to find less damaging ways of satisfying our needs, the carrying capacity 

could be improved. If this does not happen, Malthusian principle (due to Thomas Malthus 

[12] - the originator of the principle) will take over, which states that “the growth of 

human population would outstrip the Earth’s food producing capacity”. 

3.1   Limited World Resources  

Another factor that compels us to reconsider our design practices is the rapid human 

growth of population in the last century has resulted in the fast depletion of Earth 

resources. Resources of the Earth [8] are often classified into renewable and 

nonrenewable resources. Renewable resources can maintain themselves or can 

continuously be replenished, if managed properly and wisely. Food, crops animals, wild 

life, forests along with water and air belong to this category. For this category of 
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resources, the matter of our concern is not that we may run out of their supplies but we 

may use them faster than they can be regenerated. In fact by properly tuning the 

regeneration process to the current level of exploitation, we can have them available for 

ever. However, there is always a risk of degradation of environment if adequate care is not 

taken in their use.  

     On the other hand, nonrenewable resources like coals, oil, iron, aluminum, copper, tin, 

zinc, phosphates etc. are exhaustible and can get depleted and their exploitation beyond 

sustainable levels may create very severe adverse environmental effects threatening to 

cause irreparable damage to fragile eco-systems through which the life on Earth survives. 

As the start of century, already natural resources are under increasing pressure, 

threatening public health and development. Water shortages, soil exhaustion, loss of 

forests, air and water pollution, and degradation of coastlines afflict many areas. As the 

world’s population grows, improving living standards without destroying the environment 

is an uphill task to accomplish. Most developed economies are currently consuming 

resources at a much faster rate than they can be regenerated whereas most developing 

countries with rapid population growth need to improve living standards of their people. 

We mustn’t forget that as we exploit nature to meet present needs, are we destroying 

resources needed for the future? 

3.2   Wastage of Resources  

Although the technological superiority of industrialized nations has helped raise their 

standard of living and acquire affluence, but at the same time they tend to waste resources 

of Earth while the under-developed nations strive for survival. This has created a gap 

between developed nations and developing nations, which is widening progressively. 

     To cite another example, North Americans account about 7 % of the world’s 

population but produce 50 % of its waste. Every year, An American produces about 56 

tons of garbage per capita per year which is more than twice of any other developed 

country. Americans throw away 2.5 millions plastic bottles every hour and enough 

aluminum cans to rebuild their commercial air fleet every three months and enough iron 

and steel to supply all their automakers every day. Americans throw away 270 millions of 

tyres every year. Throwing away of one aluminum can [9], wastes as much energy as if 

that can were of ½ full of gasoline. 

     Any kind of wastage either of materials, energy or food must be avoided. This is not 

only necessary for our own survival and existence but also for the cause that their future 

generations could live and prosper without tensions or wars over the sharing the limited 

resources of this planet.  

     The Living Planet Report 2002 by WWF shows that humans are using over 20 per cent 

more natural resources each year than can be regenerated and this deficit is going to 

increase every year. It is estimated that by 2050, humans will consume between 180 % 

and 220 % of the Earth’s biological capacity, which means that unless governments take 

urgent measures, by 2030, human welfare as measured by average life expectancy, 

educational level and world economic products will go on declining. 

3.3   Economic Implications  

Classical economic theories that have treated nature as a bottomless well of resources and 

infinite sink for waste have to be discarded. Environmental costs, i.e., the cost of 

preventing or controlling pollution and ecological disruption, have never been 

internalized. In fact, it is our incapability to deal with economic nature of environmental 

pollution has been largely responsible in destroying Earths’ ecological systems. It is now 



                                          Sustainable Designs of Products and Systems: A Possibility                                181 

time that many hidden environmental costs incurred on resource exploitation need to be 

passed on to the consumer or to the user. For preserving our environment for future 

generations, the internalization of hidden costs of environment preservation will have to 

be accounted for, sooner or later, in order to be able to produce sustainable products in the 

long run.  It is therefore logical to add these hidden costs to the cost of acquisitioning a 

product or a system.       

     A recent survey shows that consumers are willing to pay up to 10% more to have an 

environmentally preferred product. But what does environmentally preferred product 

mean, what characteristics of a product will a consumer pay more money for?” It is 

known that consumers in Europe are more willing to pay a premium than the consumers 

in the United States or other countries, but the definition of what attributes would be 

considered important is still just at the initial stage. 

     Economic implications of Sustainable development include costs and overall welfare. 

Costs of various mitigation policies have been widely studied. For example, mitigation 

options in the energy sector may be classified into those that improve energy efficiency 

and those that reduce the use of carbon-intensive fuels. Energy efficiency improvement is 

likely to improve a nation’s energy security. Switching to low carbon energy supply 

sources is the other mitigation category in the energy sector which reduces air pollution 

with significant GHG benefits. Ethanol production from sugar waste has created a new 

industry and generated employment opportunities and tax revenue for the Government of 

Brazil. New industries can create new jobs and income, and might be pioneers in new 

market with significant competitive advantage.  

     Developing improved waste and wastewater management using low to medium-

technology strategies can provide significant public health benefits and GHG mitigation at 

affordable cost. In some cases, landfill gas might be used to provide heating fuel for a 

factory or commercial venture.  

     In the buildings sector, energy efficiency options may be characterized as integrated 

and efficient designs and siting, including passive solar technologies and designs and 

urban planning to limit heat island effect. In developing countries, efficient cooking stoves 

that use clean biomass fuels are an important option. In the transport sector, the energy 

efficiency measures may be categorized into those that are vehicle specific and those that 

address transportation planning. Vehicle-specific programmes focus on improvement of 

the technology and vehicle operations. In the industrial sector, energy efficiency options 

may be classified as those aimed at mass-produced products and systems, and those that 

are process-specific. The potential for cost-effective measures is significant in this sector. 

Measures in both categories would have a positive impact on the environment.  

     Another economic consideration that will be important for developing sustainable 

products and systems is to utilize the obsolete products at the end of their life for recycling 

or reuse. If obsolete materials are not recycled, raw materials have to be processed afresh 

to make new products. This represents a colossal loss of resources in the energy used at 

every stage of material realization, transport and environmental damage caused by these 

processes is large. In 1998, it was estimated that 6 million tonnes of electrical equipment 

waste arising in Europe, entailed a loss of resources to the order of: 

• 2.4 million tonnes of ferrous metal 

• 1.2 million tonnes of plastic 

• 652,000 tonnes of copper 

• 336,000 tonnes of aluminum 

• 336,000 tonnes of glass 
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besides the loss of heavy metals such as lead, mercury, etc. The production of all these 

raw materials and the goods made from them would have caused enormous environmental 

damage through mining, transport and energy use. In fact recycling 1 kg of aluminum 

saves 8 kg of bauxite, 4 kg of chemical products and 14 Kilowatts of electricity.  

Therefore consideration of end-of-life treatment is going to become an integral part of a 

product design soon. 

     Another major concern is the toxic nature of many substances such as arsenic, 

bromine, cadmium, lead, mercury and HCFCs etc. Even in the consumer products’ 

category, the number of refrigerators and freezers that are disposed off annually in the UK 

is 2.4 million units and these units contain gases like Chlofluorocarbons (CFCs) and 

Hydrochlorofluorocarbons (HCFCs) used for coolant and insulation. Both are greenhouse 

gases which when released into atmosphere contribute to ozone layer depletion leading to 

climatic changes. European Council has regulation No. 2037/2000 on substances that 

deplete ozone layer came into effect in October 2001.  

4 Design of Products and Systems for Sustainability 

In this section, we would like discuss the various life cycle activities and strategies that  

are likely to help develop a sustainable product or a system. 

4.1 Life Cycle Activities 

In designing a product of a system, we must take a holistic view of various activities and 

processes at various stages and takes stock of what is being produced and what is being 

wasted at each stage. We should aim to conserve and economize materials, energy, avoid 

wastes to optimize a product or system’s design over its entire life cycle. Typical life 

cycle activities [9] of a product or a system can be depicted as shown in Figure 1.     

 

 

 

 

 

 
 

   

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 1: Life Cycle Activities 

At every stage of life-cycle of a product, be it extraction of material, manufacturing, use 

or disposal, energy and materials are required as inputs and emissions (gaseous, solid 

effluents or residues) are always associated which influence environmental health of our 

planet. Unless we consider all these factors, we cannot call our design of products, 

systems and services truly optimal from engineering point of view. 
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Figure 2: Throughputs at every Stage of Life Cycle 

     Sustainable production and consumption, dematerialization, and waste prevention are 

the basically the strategies that can be used increasingly to the design of sustainable 

products and systems. 

     Sustainable consumption has been defined by UNEP as "the use of services and 

products which respond to the basic needs and bring a better quality of life while 

minimizing the use of natural resources and toxic materials as well as the emissions of 

waste and pollutants over the life-cycle so as not to jeopardize the needs of future 

generations".  

Sustainable consumption addresses three categories of impacts: 

• Environmental impacts i.e., resource depletion, pollution, reduction of 

biodiversity  

• Social impacts: resulting from under consumption and overconsumption 

• Economic impacts: the costs of global warming or of the loss of biodiversity, the 

high dependence of some regions on the production of a limited number of 

commodities, which quantities can rapidly deplete 

The Integrated Product Policy - IPP is a new policy under development in the European 

Union. A whole variety of tools - both voluntary and mandatory -are used to achieve the 

objective of environmental policy on products.  

4.2    Dematerialization 

The dematerialization of a product means to use less material to deliver the same level of 

functionality to a user. A material can be anything from an unprocessed raw material to a 

finished product. 
The UNEP defines dematerialization as "the reduction of total material and energy 

throughput of any product and service, and thus the limitation of its environmental 

impact. This includes reduction of raw materials at the production stage, of energy and 

material inputs at the use stage, and of waste at the disposal stage." 

Dematerialization considers, beside waste, natural resources involved in the products' life-

cycle. It literally means the use of less materials.  

It entails actions at every stage of the production and consumption chain: 

• resource savings in material extraction,  

• improved eco-design of products  
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• technological innovations in the production process 

• environmentally friendly consumption  

• recycling of waste, etc.  

Dematerialization strategies basically translate into:  

• the conception, design and manufacture of a smaller or lighter product  

• the replacement of material goods by non-material substitutes (for instance 

replacing letter on paper by an electronic mail)  

• the reduction in the use of material systems or of systems requiring large 

infrastructures (for instance using telecommunications instead of using personal 

contact)  

4.3   Minimization of Energy Requirement 

According to the ICCA (International Council of Chemical Associations) report, energy-

saving products installed in homes in the United States prevented nearly 283 million tons 

of CO2 emissions in 2010 – equivalent to the greenhouse gas emissions of 50 million 

passenger vehicles. Studies also show that if this trend continues, more than 7 billion tons 

of emissions can be avoided by 2050 in the U.S. alone – equivalent to the CO2 emissions 

of more than 1.2 billion passenger vehicles 
     Eco-labeling is a promising market-based approach for improving the environmental 

performance of products through consumer choice. While eco-labeling itself is not new, 

eco-labeling to promote energy efficiency or sustainability is a more recent phenomenon. 

Five such energy-labeling programs in the US are evaluated: Green Seal, Scientific 

Certification Systems, Energy Guide, Energy Star, and Green-e. Of these, the first four 

certify energy-efficient appliances while the last one certifies renewable electricity. 

Energy Guide and Energy Star are government-run programs, the rest are privately 

administered 

4.4   Minimization of Waste 

Waste minimization must consider the full life-cycle of a product, starting right from the 

conception stage to achieve a reduction in total amount of waste produced.  

     Sometimes scraps can be immediately re-incorporated at the beginning of the 

manufacturing line so that they do not become a waste product. Some industries routinely 

do this; for example, paper mills return any damaged rolls to the beginning of the 

production line, and in the manufacture of plastic items, off-cuts and scrap are re-

incorporated into new products. Such innovations help reduce waste material or scraps. 

Steps can be taken to ensure that the number of reject batches is kept to a minimum. This 

is achieved by using better quality control procedures. In fact waste can be reduced by 

improving quality and durability of a product so that over a given period of time, it results 

in less wastage. Waste of energy over the use period forms a part of waste consideration. 

Sometimes waste product of one process becomes the raw material for a second process. 

Waste exchanges represent another way of reducing waste disposal volumes for waste that 

cannot be eliminated. Recycle and reuse are discussed in the next section. 

4.4    End-of-Life Treatment     

From both- environmental as well as economical considerations, the end-of-life treatment 

of products and systems is now becoming the liability of the manufacturers and 

distributors, eventually. The WEEE directive of European Union is the first step in that 

direction at least in the electrical and electronic sector. The WEEE directive (2002/96/EC) 



                                          Sustainable Designs of Products and Systems: A Possibility                                185 

as passed by European Community is aimed to prevent waste electrical and electronic 

equipment from ending up in landfills and to promote the level of recycling and reuse in 

electrical and electronic sector. This directive requires all manufacturers and importers of 

electric and electronic equipment to meet the cost of collection, treatment and recovery of 

their waste electrical and electronic equipment at the end of their useful life.  

     Design for end-of-life requires manufacturer to reclaim responsibility for their products 

at the end-of-life. The alternatives to landfill or incineration include: maintenance, 

recycling for scrap material, and remanufacturing. This is shown in Figure 3. 

 

                                                  

Figure 3:  End-of- life Options 

Remanufacturing, Recycling and Reuse: While maintenance extends product life 

through individual upkeep or repair on specific failures, remanufacturing is a production 

batch process of disassembly, cleaning, refurbishment and replacement of worn out parts, 

in defective or obsolete products. However, scrap-material recycling involves separating a 

product into its constituent materials and reprocessing the material. Remanufacturing 

involves recycling at parts level as opposed to scrap-material level. It is actually in effect 

recycling of materials while preserving value–added components. Remanufacturing also 

postpones the eventual degradation of the raw materials through contamination and 

molecular break down, which are the characteristics of scrap-material recycling. Since 

remanufacturing saves 40-60 per cent of the cost of manufacturing a completely new 

product and requires only 20 per cent energy, several big companies are resorting to 

remanufacturing. Xerox is an example in this case. IBM also established a facility in 

Endicott, New York as a reutilization and remanufacturing centre. UNISYS and Hewlett 

Packard also use this strategy. It must however be stated that remanufacturing is not 

suitable for all types of products, it is appropriate only for those products that are 

technologically mature and where a large fraction of product can be used after 

refurbishment.  

Costs Considerations: It may be mentioned here that a designer must account for various 

costs associated with recycling and remanufacturing include: the first cost, recycling cost, 

and the cost of failure during disassembly and reassembly. The first cost is the cost of 

manufacturing and the first assembly. Recycling cost includes the cost of extracting 

material or cost of separating parts of different materials. Both maintenance and 

remanufacturing involve disassembly and reassembly and part reuse and failures can 

occur during these phases. Therefore, the consequences of the above failures are weighted 

by their probabilities of occurrence. For example, rivets and welds usually get destroyed 

during the disassembly. The other part of the cost includes the cost of a part getting 

damaged during assembly or disassembly. The other part of the cost includes the cost of 

damage done a part when fastener is extracted. Maintenance costs are the costs associated 

with disassembly or assembly whereas the remanufacturing cost is the total cost under all 

the mentioned heads. 
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     The waste generated in electrical and electronic sector is not small. For example, in a 

small country like Ireland, an estimated 35,000 to 82,000 tonnes of electrical and 

electronic equipment waste was generated in 2001. This amounted to 9 to 18 kg per 

person. Each year, more than 100 million computers are sold and over 1 million 

computers are disposed of in landfill sites. Rest are recycled for parts or material. 

Ecomicro – a recycling company in Bordeaux, France is reported to resort to recycling of 

components out of 1500 tonnes of obsolete or unusable computers annually. In fact the 

market for refurbished computers has increased by 500% since 1996 but less than 20 % of 

all discarded computers are cycled. Currently, 40 % of all, which is 1.5 million printer 

cartridges, are recycled annually. 

     Today the electronic waste recycling business is a large and rapidly increasing business 

in the developed world. Electronic waste processing systems have matured in recent years, 

following increased regulatory, public, and commercial scrutiny, and a commensurate 

increase in entrepreneurial interest. Part of this evolution has involved greater diversion of 

electronic waste from energy-intensive down-cycling processes (e.g., conventional 

recycling), where equipment is reverted to a raw material form. This diversion is achieved 

through reuse and refurbishing. The environmental and social benefits of reuse include 

diminished demand for new products and virgin raw materials (with their own 

environmental issues); larger quantities of pure water and electricity for associated 

manufacturing; less packaging per unit; availability of technology to wider swaths of 

society due to greater affordability of products; and diminished use of landfills. 

Audiovisual components, televisions, VCRs, stereo equipment, mobile phones, other 

handheld devices, and computer components contain valuable elements and substances 

suitable for reclamation, such as lead, copper, and gold.  

     Reuse is an option to recycling because it extends the lifespan of a device. Devices still 

need eventual recycling, but by allowing others to purchase used electronics, recycling 

can be postponed and value gained from device use. 

4.5    Carbon Footprint 

All materials leave a carbon foot print during manufacturing or use. Carbon footprint can 

help in assessing the efficacy of the strategy of dematerialization process as well as of 

energy saving and waste reduction.  

A carbon footprint is defined as the total set of greenhouse gas (GHG) emissions caused 

by a product or process, event or person. Carbon footprinting represents the total amount 

of greenhouse gases (GHG) produced to directly and indirectly support human activities, 

usually expressed in equivalent tons of carbon dioxide (CO2). Several organizations have 

calculated carbon footprints of products [13]. The US Environmental Protection Agency 

has even addressed the carbon footprints of paper, plastic (candy wrappers), glass, cans, 

computers, carpet and tyres. 

      Even energy generation or its use creates a carbon footprint. Studies show that 

hydroelectric, wind, and nuclear power always produced the least CO2 per kilowatt-hour 

of any other electricity sources. However, renewable electricity generation methods, for 

example wind power and hydropower, emit no carbon from their operation, but leave a 

footprint during construction phase and maintenance during operation. 

     Therefore carbon footprinting can provide us a common measure of evaluation. As 

mentioned earlier, the measure of carbon footprint can help us in the optimization of a 

design of a product or system or service. This measure can help us in assessing the degree 

of dematerialization, i.e., in other words, the material required in developing a product and 

how much waste is being created ( solid or gaseous) and how much polluting a process 
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used in manufacturing of a product is, and finally how much energy is being used during 

its manufacturing or its use. All measured in terms of carbon footprints and it may be 

possible to arrive at an optimal design of a product or system using this criterion.  

5.0    An Appropriate Measure of Performance 

In order to evolve a simple, suitable and appropriate term for reflecting the new concept of 

measure of performance, which includes dependability as well as sustainability criteria, 

several terms have been defined from time to time but in the opinion of the author, none is 

more appropriate than the term Performability, which comes close to represent the 

concept. Actually the term performability was introduced in 1980 by John Meyer [14] in 

the context of evaluation of highly reliable aircraft control computers for use by NASA 

mainly to reflect a combined attribute for reliability and availability. But there is no 

reason why this term cannot be used to connote a much wider meaning than originally 

intended by Meyer. It can be used to mean a combined attribute of many performance 

measures like quality, reliability, maintainability or availability, safety and finally 

sustainability because all these measures are interrelated with one another. Therefore, it is 

considered logical and appropriate to extend the meaning of performability to include 

dependability and sustainability. This is also necessary to interrelate various performance 

indexes and bring some standardization in the existing nomenclature. Therefore, with the 

foregoing explanation, the term performability can be defined to represent a holistic view 

of designing, producing and using products, systems or services, which will satisfy all 

performance requirements of a customer to the best possible extent. This interrelationship 

of various prevailing terms is shown in Figure 4. 

      

 

 

 

                             

                                 Figure 4:    Implication of the term Performability 

          Implicit with this definition of performability, is not only the high technical 

performance of a system or a product with minimum life cycle using clean production and 

clean technologies. Likewise, improved performance should necessarily imply less 

environmental pollution, less material and energy requirements, creating minimal waste 

and conserving and efficient utilization of available resources, which will result in 

minimum life cycle costs. These problems are best tackled at design stage of a system. In 

fact, in simple terms, we can define performability engineering as the entire engineering 

effort that goes in improving the performance of a system that not only ensures its high 

quality, reliability, maintainability and safety but is also sustainable.  

     Of course, we would need to find some method of aggregating the two attributes, viz., 

dependability (represented by quality, reliability, maintainability and safety) and 

sustainability to arrive at a value of performability. Here except for quality and 

sustainability (unless we can create a probabilistic definition of sustainability) are non-
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probabilistic. Otherwise we could have found a simple way of dealing with all 

probabilistic quantities. Till that happens, we can define sustainability as the degree or 

measure of carbon footprinting of a product or a system or a service has using a 

technology. Minimum carbon footpriting should entail minimum material and energy 

requirement and produces minimum waste during manufacturing and use over the entire 

life of a product or a system. This definition can help us in designing products and 

systems that are sustainable. 

6.0   Towards Dependable and Sustainable Designs 

We can now enunciate a proposition that truly optimal systems, products, and services 

would be the ones that are not only dependable but also sustainable or in other words, 

should have high performability over the specified period of time. Much needs to be done 

to formulate methodology for designing such high performability systems, products or 

services. 

     The author suggests that it can probably be done in the following stages, namely,  

1. In the first stage, we can develop a base case design using a particular 

technology based solely on dependability criteria of a product or system. This 

design should meet the technical and functional specification of a product 

under the specified conditions of use. 

2. In the second stage of design, we need to calculate degree of sustainability by 

calculating the carbon foot prints of the product and processes to achieve the 

base design.  

3. We can now improve upon the design by improving upon the sustainability 

criteria i.e., improving the base case design by exploring the possibilities of 

selecting a technology or design which will offer an advantage of minimization 

of material and energy requirement of the product or system along with 

minimization of waste generated by this product and system during 

manufacturing and use over the entire life cycle period. This can be tried using 

alternative technologies, materials or processes. 

4. To optimize the design process, one can introduce penalty / reward models for 

deviation of these quantities from the base case design depending upon 

whether the production processes generate worse or lesser amount of waste. 

Similarly, there can be a penalty/reward model for deviating from the base 

case design in relation to the material and energy requirements using a certain 

technology. 

5. If the sustainability criteria provides a satisfactory design, one needs to check 

on dependability requirement.   

6. The design will be done once both dependability criterion (is maximized) as 

well as sustainability criterion (minimum carbon footprint) are satisfied. 

     Several alternative designs using various technologies can be evaluated and an optimal 

design would be one which identifies the technological option that provides minimal 

environmental impact (which can be calculated possibly in terms of the carbon footprint 

the design alternative will have in order to have uniformity and simplicity of comparison) 

and offers economic benefits.   

     Sustainability requires that the processes used in manufacture of products, system or 

services must be clean and non-polluting. Again a reward/or penalty can be introduced in 

assessing the cleanliness of the processes. The sustainability criterion also requires that 

the product process should be waste free or should have means of utilizing the waste 

created by the production processes. Sustainability criteria also require that the energy 
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requirement for the production process as well as during the product maintenance should 

be minimum and may possibly use clean energy sources. Reuse and recycle possibilities 

should be rewarded suitably in the design model. The alternative modern technologies, 

such as nanotechnology and biotechnology also widens the possibilities of such a 

realization of a product design.  

In fact the concept presented in this paper may help provide new ideas of research for 

design of high performability systems, products and services. This paper only discusses 

the concept of such a possibility and what may come in the 21
st
 Century for researcher to 

explore. This is just the first step towards it. 

7.0   Conclusion 

The concept of performability for design of products and systems (including services) 

opens up entirely new possibilities of designing, producing, maintaining and disposing off 

the products, system and services in 21
st
 Century. It is expected to make these designs 

more environmental friendly as well as economic over their entire life cycle, while 

excelling in dependability. This concept is far more wider than just reliability or 

dependability, which has been used for more than half a Century for system performance 

evaluation. However, there is much to be done in this direction. It is hoped that this paper 

will help generate interest and ideas in this area.  

References 

[1]. Population Reference Bureau (PRB). 2000 World Population Data Sheet. 

Washington, D.C. ,Population Reference Bureau, 2000.  

[2]. United Nations Department of Public Information (DPI). Earth Summit + 5, 

Backgrounder.   New York, United Nations, 1997. 

[3]. [United Nations Population Fund (UNFPA). The State of the World Population 

1999. Six Billion: A Time for Choices. A. Marshall (Ed.). p. 76. ,UNFPA, New 

York, 1999.  

[4]. Postel Sandra. Carrying Capacity: Earth’s Bottom Line, in “State of the World”, 

W.W. Norton & Co., New York 1994. 

[5]. United Nations. 1987. Report of the World Commission on Environment and 

Development. General Assembly Resolution 42/187, 11 December 1987. 

[6]. Misra, K. B. Reliability Analysis and Prediction: A Methodological Treatment. 

Elsevier, Amsterdam, 1992. 

[7]. Misra, K. B. (Ed.). New Trends in System Reliability Evaluation. Elsevier, 

Amsterdam, 1993. 

[8]. Misra, K. B. (Ed.). Clean Production: Environmental and Economic 

Perspectives. Springer Verlag, Berlin, 1996.   . 

[9]. Misra, K. B. (Ed.). Handbook of Performability Engineering: Springer Verlag, 

London, 2008.   

[10]. Sriramachari, S. The Bhopal Gas Tragedy: An Environmental Disaster. Current 

Science; April 2004. 86(7), pp.905-920. 

[11]. IPCC, 2007: Climate Change 2007: Impacts, Adaptation and Vulnerability. 

Contribution of Working Group II to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change [M.L. Parry, O.F. Canziani, J.P. 

Palutikof, P.J. van der Linden, C.E. Hanson (eds.)]. Cambridge University 

Press, Cambridge, United Kingdom and New York, NY, USA.  

[12]. Malthus, T.R. An Essay on the Principle of Population. Chapter vii, pp.61, 

1798. 

[13]. http://www.co2list.org/files/carbon.htm "CO2 Released when Making & Using 

Products". Retrieved 27 October 2009 



190                                                               Krishna B. Misra 

 

[14]. Meyer, John F. On Evaluating the Performability of Degradable Computing 

Systems. IEEE Trans. On Computers,1980;29(8):720-731. 

 

 

Krishna B. Misra (B.E.-Electrical, M.E.-Power, Ph.D.– Reliability Eng.) is the founder 

Editor-in-Chief of International Journal of Performability Engineering (http://www.ijpe-

online.com) which was started in 2005 and published by RAMS Consultants 

(www.ramsconsultants.org) also started by him in 2005 at Jaipur, Rajasthan, India. He 

advanced the concept of performability to encapsulate a holistic attribute of performance 

of systems, products and services as will be necessary in 21
st
 Century when the products 

and systems not only supposed to be dependable but also sustainable. Earlier, he also 

made efforts to popularize reliability and safety concepts in India - both in the industries 

and in the technical institutions. It was due to his efforts, a master’s degree program in 

reliability engineering was conceptualized and started for the first time in India at IIT, 

Kharagpur in 1982 and this M. Tech. programme has been running successfully till date. 

He also founded Reliability Engineering Center at IIT, Kharagpur in 1983. This center is 

the first of its own kind in India to promote research, consultancy and teaching at an 

advanced level in the area of reliability, quality, maintainability and safety engineering. 

Dr. Misra has published over 250 technical papers in international journals such as IEEE 

Transactions on Reliability, Microelectronics and Reliability, Reliability Engineering and 

System Safety, International Journal of Quality and Reliability Management, International 

Journal of Reliability, Quality and Safety Engineering, International Journal of System 

Science, International Journal of Control, Fuzzy Sets and Systems etc. Dr. Misra is a 

recipient of the first Lal C. Verman Award in 1983 by the Institution of Electronics and 

Telecommunications Engineering for his pioneering research work in Reliability 

Engineering in the country. In 1995, in recognition of his meritorious and outstanding 

contributions to reliability research and education in India, he was awarded a plaque by 

IEEE Reliability Engineering Society, USA. Professor Misra has been the Chairman of 

Indian Bureau of Standards Committee LTDC 3 on Reliability of Electrical & Electronic 

Components and Equipment. For several years, he served as a member of Environmental 

Appraisal Committee (for nuclear power plants in India), Ministry of Environment & 

Forests, Govt. of India, New Delhi.  In 1976, Prof. Misra was invited by the Department 

of Science & Technology, New Delhi to serve as the convener of the NCST working 

group on Reliability Engineering in India set up by the Government of India. This group 

submitted two reports (part I & part II) in 1978 on the Reliability Implementation 

Program in India.  

He joined IIT-Roorkee in 1966, and became professor in 1976 at the age of 33. 

Subsequently, he moved over to IIT Kharagpur in 1980 and worked there for 25 years till 

his retirement in 2005. He has been Director of North Eastern Regional Institute of 

Science and Technology from 1995 to 1998. During the period 1992-1994, he worked as 

Director-grade-Scientist at National Environmental Engineering Research Institute 

(NEERI), Nagpur. He has also worked in Germany at four different institutions, viz., 

Technical University-Munich (Professor Dr. R. Baumann’s institute: 1972-73); GRS-

Garching (Professor Dr. A. Birkhofer’s Institute:1973-74); RWTH-Aachen (Professor H.-

.J. Zimmermann’s institute:1978-79); and Kernforschungszentrum, Karlsruhe, (1987-88). 

 Misra is listed in Indo-American who’s who. 


