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Synopsis:

Globally, Engineering Institutions, Engineers, the United Nations, UNESCO, NGO’s and Universities are looking to provide professional training/curricula materials and courses to capacity build engineers to create a sustainable future.  Numerous studies are finding that to achieve a sustainable future we will need to reduce our negative impact on the environment by roughly an order of magnitude. ‘Whole system design’ is a process through which the inter-connections between sub-systems and systems are actively considered, and solutions are sought that addresses multiple problems via one and the same solution. Fully applying such redesign to national capital stock would reduce energy costs by anywhere from factor 4 to 100, while generally yielding energy services of superior quality.  Numerous studies suggest that reducing energy usage by this order of magnitude is required to sufficiently reduce our negative impact on the environment, to ensure a sustainable future. RMI will be leading the development of a Factor 10 Engineering Design Guide (10XE) as a means to integrate Whole System Design with engineering education and training. In the Process TNEP will build an International Whole Systems Design Alliance to support the development of the Guide and enable it to reach a global audience of engineers.

Conference Topics Addressed:

The paper comes underneath sub-theme of Engineering Economic Development, and relates to the following conference topics:

· Financial Issues of Engineering Projects in Developing Nations 

· Technical Issues of Engineering Projects in Developing Nations

· Environmental Impact of Engineering Projects in Developing Nations

· Involvement of Engineering in Eradication of Poverty and Inequities

Engineers around the world understand that they have a tremendous responsibility in the implementation of sustainable development. Many forecasts indicate there will be an additional five billion people in the world by the middle of the 21st century. This requires more water, waste treatment systems, food production, energy, transportation systems, and manufacturing -- all of which requires engineers to participate in land planning, and to research, study, design, construct, and operate new and expanded facilities. This future "built environment" must be developed while sustaining the natural resources of the world and enhancing the quality of life for all people.

The Engineer’s Response to Sustainable Development by

The World Federation of Engineering Organizations, 1997
. 

The concept of sustainable development would be impossible without the full input by engineers."

— Maurice Strong, Secretary General, United Nations Conference on Environment and Development, New York, Spring 1992

Introduction – The Need for a New Paradigm

Numerous studies are finding that to achieve a sustainable future we will need to reduce our negative impacts on the environment by roughly an order of magnitude.  

If China were to match the USA for levels of car ownership and oil consumption per person it would mean producing approximately 850 million more cars and more than doubling the world output of oil. Those additional cars would produce more CO2 per annum than the whole of the rest of the world's transportation systems.

If China were to consume seafood at the per capita rate of Japan, it would need 100 million tonnes, more than today's total catch. If China's beef consumption was to match the USA's per capita consumption and if that beef was produced mainly in feedlot, this would take grain equivalent to the entire US harvest.

Extract ‘Sustainable Consumption – A UNEP Global Status Report’ Sept. 2002

This has been given names such as "reducing our negative impact on the environment" by a Factor of 4 (a 75% reduction in resource intensity) or a Factor of 10 (a 90% reduction in resource intensity).  In short, we need to "do more, with less for longer." 

‘In setting a time-horizon of 50 years – two generations into the future – it was found that ten to twenty-fold eco-efficiency improvements will be needed to achieve meaningful reductions in environmental stress. It was also found that the benefits of incremental technological development could not provide such improvements’
Leo Jensen, Chairman, Dutch Inter-ministerial 

Sustainable Technology Development Program 2000

The governments of Austria, the Netherlands, Western Australia and Norway have publicly committed to pursuing Factor Four efficiencies. The same approach has been endorsed by the European Union as the new paradigm for sustainable development. Austria, Sweden, and OECD environment ministers have urged the adoption of Factor Ten goals, as have the World Business Council for Sustainable Development and the United Nations Environment Program (UNEP). The concept is not only common parlance for most environmental ministers in the world, but such leading corporations as Dow Europe and Mitsubishi Electric see it as a powerful strategy to gain a competitive advantage. Among all major industrial nations, the United States probably has the least familiarity with and understanding of these ideas. 

Radical Resource Productivity by Whole Systems Design (WSD)

At its simplest, increasing resource productivity is defined as obtaining the same amount of utility or work from a product or process while using less material and energy. In manufacturing, transportation, forestry, construction, energy, and other industrial sectors, mounting empirical evidence suggests that radical improvements in resource productivity are both practical and cost-effective, even in the most modern industries. 

Whole System Design (WSD) is a process through which the inter-connections between sub-systems and systems are actively considered, and solutions are sought that addresses multiple problems via one and the same solution. Some refer to this process as the search for “solution multipliers”.

For example, most energy-using technologies are in two ways designed sub-optimally – this is so pervasive both often go unnoticed: 

1. Components are optimised in isolation (thus ‘pessimising’ the systems of which they are a part), and 

2. Optimisa​tion typically considers single rather than multiple benefits. 

WSDs can be achieved in the design of air-handling, clean-room, lighting, drivepower, chiller, insulating, heat-exchanging, and other technical systems, and in buildings in a wide range of sizes, programs, and climates.  Such designs commonly yield empirical energy savings of about half to one order of magnitude, usually with reduced capital cost.

WSD Applied – Big Pipes, Small Pumps

Consider Jan Schilham’s work
. “In 1997, leading American carpet maker Interface was building a factory in Shanghai. One of its industrial processes required 14 pumps. In optimising the design, the top Western specialist firm sized those pumps to total 95 horsepower. But a fresh look by Interface/Holland's engineer Jan Schilham, applying methods learned from Singaporean efficiency expert Eng Lock Lee, cut the design's pumping power to only 7 horsepower—a 92 percent or 12-fold energy saving—while reducing its capital cost and improving its performance in every respect. 
The new specifications required two changes in design. First, Schilham chose to deploy big pipes and small pumps instead of the original design's small pipes and big pumps. Friction falls as nearly the fifth power of pipe diameter, so making the pipes 50 percent larger reduces their friction by 86 percent. The system then needs less pumping energy—and smaller pumps and motors to push against the friction. If the solution is this easy, why weren't the pipes originally specified to be big enough? Because of a small but important blind spot: Traditional optimisation compares the cost of large pipes with only the value of the saved pumping energy. This comparison ignores the size, and hence the capital cost, of the equipment—pump, motor, motor-drive circuits, and electrical supply components—needed to combat the pipe friction. Schilham found he needn't calculate how quickly the savings could repay the extra up-front cost of the larger pipe, because capital cost would fall more for the pumping and drive equipment than it would rise for the pipe, making the efficient system as a whole cheaper to construct. 
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Second, Schilham laid out the pipes first and then installed the equipment, in reverse order from how pumping systems are conventionally installed. Normally, equipment is put in some convenient and arbitrary spot, and the pipe fitter is then instructed to connect point A to point B. The pipe often has to go through all sorts of twists and turns to connect equipment that is too far apart, turned the wrong way, mounted at the wrong height, and separated by other devices installed in between. The extra bends and the extra length make friction in the system about three- to sixfold higher than it should be. By laying out the pipes before placing the equipment that the pipes connect, Schilham was able to make the pipes short and straight rather than long and crooked. That enabled him to exploit their lower friction by making the pumps, motors, inverters, and electricals even smaller and cheaper. The larger pipes and cleaner layout yielded not only 92 percent lower pumping energy at a lower total capital cost but also simpler and faster construction, less use of floor space, more reliable operation, easier maintenance, and better performance. As an added bonus, easier thermal insulation of the straighter pipes saved an additional 70 kilowatts of heat loss, enough to avoid burning about a pound of coal every two minutes, with a three-month payback. The old idea was to "optimise" only part of the system—the pipes against only one parameter—pumping energy. Schilham, in contrast, optimised the whole system for multiple benefits—pumping energy expended plus capital cost saved. (He didn't bother to value explicitly the indirect benefits mentioned, but he could have.) Optimising the whole system both for resource efficiency AND cost benefits yields hidden sources of wealth for those that attempt.

Why does this matter? When most designs are complete, but still before they have been built, about 80-90% of their lifecycle economic and ecological costs have already been made inevitable. Hence there is no better higher-leverage investment for the future than helping re-hardwire the mindsets of designers, engineers and architects globally.”

Take the deceptively simple case study of pumps and pipes explained before. Pumps, pipes and motors matter because motors use three-fifths of the world’s electricity. Their largest use, at least a fifth of their total output, is pumping. There is now a significant body of work showing that similar large resource efficiency of up to an order of magnitude are possible for everything from lighting systems to computers, to buildings, to cars, to water usage, now through the latest in Whole System Design. A small selection of these is listed in Table 1.

Table 1 Case studies of Whole System Design engineering.

	Cars
	An important application of WSD is in light vehicles. In 2000, Hypercar.Inc completed a manufacturable, production-costed virtual design of a midsize, utility vehicle concept car that has zero emissions, and is 5 times as eficient as normal. It is so efficient because it is so lightweight (but crash-worthy) and so low in aerodynamic drag and rolling resistance. It is so efficient that it can cruise at highway speed on no more power to the wheels than a conventional SUV uses for peak load air-conditioning. Importantly the light weight also enables it to be powered by hydrogen fuel cells.  

There is now $10 Billion total being invested in eco-car research, whilst just ten years ago there was next to no money being invested in this area. Hybrid cars with 50% better fuel economy are now available in Japan and USA. 

	Motor Systems
	Using a whole systems approach, it was found that thirty-five improvements can save about half the energy in typical existing industrial motor systems (which use three-fourths of industrial electricity) with returns on investment approaching 200% per year. The improvements are so profitable because only seven of the improvements must be paid for; the other 28 are free by-products.


Tunnelling Through the Cost Barrier – Incentives for Business

It is relatively easy to profit by using resources more efficiently because they are used incredibly wastefully now and nowhere are the opportunities for savings easier to see than in energy. The U.S. has already cut its annual energy bill by $200 billion since the first oil shock in 1973, but still wastes $300 billion worth of energy each year. Just the energy thrown away by U.S. power stations as waste heat equals the total energy used by Japan. Moreover, the efficiency of converting fuel at the power station into incandescent light in the room is only 3%. Modern cars use only 1% of their fuel energy to move the driver. 

Many companies have shown how to reduce such waste and increase profits:

a) Southwire Corporation, an energy intensive maker of cable, rod and wire, halved its energy per pound of product in six years. The savings roughly equalled the company’s profits during that period when many competitors were going bankrupt. The energy efficiency effort probably saved 4,000 jobs at ten plants in six states. The company then went on to save even more energy, still with two-year paybacks. 

b)
Dow Chemical’s Louisiana Division implemented more than 900 worker-suggested energy-saving projects during 1981—93, with average annual returns on investment in excess of 200%. Both returns and savings tended to rise in the latter years, even after the annual savings had passed $100 million, because the engineers were learning new ways to save faster than they were using up the old ones.

To Leap Forward, Go Backwards

“Much of the art of engineering for advanced resource efficiency involves harnessing helpful interactions between specific measures so that, like loaves and fishes, the savings keep on multiplying. The most basic way to do this is to “think backward,” from downstream to upstream in a system. That is simply a way of saying doing things in the right order. A typical industrial pumping system, contains so many compounding losses that about a hundred units of fossil fuel at a typical power station will deliver enough electricity to the controls and motor to deliver enough torque to the pump to deliver only ten units of flow out of the pipe—a loss factor of about tenfold.”
 

The lesson from this is that optimising the whole system for multiple benefits, not just for single benefits, typically boosts end-use efficiency by roughly an order of magnitude at negative marginal cost. For instance, “if you build a house, you’ll be told that thicker insulation, better windows, and more efficient appliances all cost more than the normal, less efficient versions. If you build a car, you’ll be told that lighter materials and more efficient propulsion systems are more expensive options. These statements are often true—but at the level of single components considered in isolation.              

On the cost-versus-savings graph (Figure 1), as you save more energy (that is, as you move from the lower left end of the curve toward the right), the cost of saving the next unit of energy initially rises more and more steeply [otherwise known as diminishing returns]. When you’ve struggled up to the limit of cost effectiveness, you should stop additional outlays of money, because they’re no longer justified by their results. This part of the curve illustrates the common principle that better usually costs more, a principle that has taken a death grip on our consciousness. Actual engineering practice, however, presents a different possibility. Only recently noticed is an additional part of the curve further to the right (Figure 2): There, saving even more energy can often “tunnel through the cost barrier,” making the cost come down and the return on investment go up.”
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                                   Figure 1                                                                             Figure 2
When intelligent engineering and design are brought into play, big savings often cost even less up front than small or zero savings. Thick enough insulation and good enough windows can eliminate the need for a furnace, which represents an investment of more capital than those efficiency measures cost. Better appliances help eliminate the cooling system, too, saving even more capital cost. Similarly, a lighter, more aerodynamic car and a more efficient drive system work together to launch a spiral of decreasing weight, complexity, and cost. The only moderately more efficient house and car do cost more to build, but when designed as whole systems, the super efficient house and car can often cost less than the original, unimproved versions. Economic dogma holds that the more of a resource you save, the more you will have to pay for each increment of saving. That may be true if each increment is achieved in the same way as the last. However, as the case studies show, using WSD can save a large amount of energy or resources often costs less than saving a small amount. This assertion sounds impossible, and indeed, most economic theorists can “prove” it won’t work. Blissfully unaware of economic theory, however, intelligent engineers are reaping the benefits (Table 2) of Whole System Engineering
.  

Table 2 Benefits of Optimising the Whole System

	Benefits of  Optimizing the Whole System to achieve Eco-Efficiencies and Industrial Ecology 

	Process Benefits

· materials savings from better whole system design.

· increases in process yields and less downtime through designing out waste, and designing the plant and process to minimize maintenance and parts. 

· better design to ensure that by-products and waste can be converted into valuable forms

· greater resource productivity of inputs, energy, water and raw materials, to reduce costs.

· reduced material storage and handling costs through just in time management.

· improved OH&S

· improvements in the quality of product or service 
	Product Benefits

· higher quality, more consistent products, 

· lower product costs (for instance, from material substitution, new improved plant efficiencies),  

· lower packaging costs, 

· more efficient resource use by products, 

· safer products, 

· lower net costs of product disposal to customers, 

· higher product resale and scrap value.


Designing for Developing Countries

As Weizsäcker et al wrote in Factor Four, "We do believe that the efficiency revolution is to a large extent profitable for a country. It (will) provide competitive advantage to those countries pioneering it. And for the other countries it would be dangerous to miss the boat.….."
 Numerous CEO’s and business experts agree. Professor Michael Porter from the Harvard Business School writes, “that it is time to build on the underlying economic logic that links the environment, resource productivity, innovation, and competitiveness” and, “Using resources productively is what makes for competitiveness today.” 
 Paul Hawken, Amory Lovins, and Hunter Lovins wrote Natural Capitalism: Creating The Next Industrial Revolution
 “to communicate the multiple benefits to business and a wider audience of using whole systems design and thinking to 

· increasing resource productivity and operational efficiency 

· using biologically inspired production models, that is, closed loop production systems

· developing new business models based on value and service, and

· re-investing in natural capital.”

The book showed that there are numerous benefits here also for developing nations of ways to save and better use resources. Using energy wisely is arguably the most powerful key to global economic development for the poor as the energy sector uses a substantial part of all global development capital. For instance, making superwindows in Bangkok to assist whole system design building techniques, takes about a thousand times less capital than expanding the electricity to produce the same light and comfort. For instance, Architecture Professor Suntoorn Boonyatikarn built a delightful house in Bangkok that uses only 10% the normal amount of air-conditioning, yet maintains superior comfort and cost nothing extra to build.

These sorts of efficiency investments are also repaid about 10 times faster than building for instance a new coal fired power station.
 The Chinese government increasingly understands this. “When Chinese authorities decided to make refrigerators more accessible, they imported numerous assembly lines, the saturation of refrigerators in Beijing households rose from 2% to 62% in six years, but the refrigerator’s inefficient design created unintended shortages of power and of capital to generate it (an extra half-billion dollars worth). A Cabinet member said that this error must not be repeated: energy and resource efficiency must be the cornerstone of the development process. Otherwise resource waste will require supply side investment of the capital meant to buy the devices that were supposed to use those resources. This realization contributed to China’s emphasis on energy efficiency (halving primary energy/GDP elasticity in the 1980s and nearly re-halving it since), laying the groundwork for the dramatic 1996 shift from coal to gas, renewables, and efficiency – the greatest contribution any nation so far to reducing carbon emissions.”
 

And since much of the costs of environmental decline are externalized to governments, these new methods can provide a double dividend to the economy and tax payers. UNEP and Munich Re calculate that by 2050, the negative effects of global warming will cost the global economy $300 Billion/annum
. Today the USA imports 50%, Europe 70%, and within 10 years China 50%, of all their oil from the Middle East.  Whole System Design engineering of our urban transport, and energy systems, and inventions like the hybrid/hypercar offers numerous ways we can for instance reduce our nation’s oil dependency. Thus, if applied globally, WSD provides a basis for a realistic strategy to assist all nations to avoid the resource wars that security experts are predicting
.  Modern WSD engineering is not new rather it is a continuation of the Victorian engineering tradition,  that was used to having to do more, with less, for longer.  Whole system design traditions have been maintained in architecture as well. Today, as a technique for reduced resource consumption, is most prevalent today in the field of architecture. The architecture firm Caudill, Rowlett, and Scott (CRS) was one of the early proponents of integrated design for buildings, in the 1950’s and 1960’s. As a consequence of the early adoption of Whole system design in architecture, the number of case studies demonstrating the effectiveness of Whole system design in building design is relatively large. 

Engineering Education for Whole System Design

Clearly these results of WSD, and the benefits to the economy, business and governments are showing that engineers will greatly benefit from specific training in both the benefits and how to implement these techniques. These enormous savings were not previously noticed or captured because of overly specialised engineering pedagogy and practise. Globally, Engineering Institutions
, Engineers
, the United Nations, UNESCO
, NGO’s
 and Universities are looking to provide professional training/curricula materials and courses to capacity build engineers to create a sustainable future. The UN has announced that 2005-2015 will be the Decade of Education in Sustainable Development. Already UNESCO has launched the Global Higher Education for Sustainability Partnership that to date involves over 1000 Universities. Many Engineering Institutions globally and the World Federation of Engineering Organisations (WFEO) have strong commitments to sustainable development and programs like WFEO-Comtech to provide online educational materials and databases
. The 2004 World Engineering Congress has used the theme, “Engineering a Sustainable Future” as further evidence of the significant demand for engineering capacity in sustainable development. The Rocky Mountain Institute
 (RMI) is committed to making a strong contribution to improving engineering design pedagogy for sustainable development and has initiated a project to develop a Whole Systems ‘10XE Design Engineering Guide’. The guide will detail ae range of case studies drawn from many engineering disciplines, with full calculations and benefits analysis, delivered with the peer review of the peak engineering, academic and corporate bodies.

The Australian team from The Natural Edge Project (TNEP) will be working with RMI to support the development of the Guide as a means to integrate Whole System Design with engineering education and training. In the Process TNEP and RMI will build an International Whole Systems Design Alliance to support the development of the Guide and enable it to reach a global audience of engineers.
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