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Unit 5 
 Elements of Applying a Whole System Design Approach (Elements 6-10) 

Educational Aim

Unit 5 builds on from Unit 4 to provide the final five elements of applying a Whole System Design (WSD) approach. This unit presents a ‘how-to’ of the last five elements of Whole System Design. The application of each element for optimal sustainability and competitive advantage is discussed and then demonstrated with case studies.  
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Introduction 

The sustainability emphasis of taking a Whole System Design (WSD) approach brings environmental and social issues to the fore for consideration along with economic issues. The results to date of applying WSD consistently demonstrate environmental and social benefits, such as resource efficiency improvements by a factor of 2-10, pollution reduction, improved safety for users and the environment, and improved comfort for users compared to conventional systems. WSD also demonstrates economic benefits such as equal or reduced capital cost and reduced operating costs by a factor of 2-10 compared to conventional systems. 
For these reasons, WSD is a powerful tool in achieving enhanced competitive advantage by reducing real costs and delivering quality systems. Despite increasing popularity, currently a minor fraction of technical designers routinely take a Whole System Design approach. For many technical designers, a basic understanding of what is a Whole System Design approach, and what can a Whole System Design approach achieve, can be attained by reviewing existing WSD case studies and literature. However, most case studies and literature do not accommodate an understanding of how to actually take a Whole System Design approach in the design process.
It is challenging for many technical designers to make the unassisted mental leap from WSD case studies to a WSD approach. The main reason for this challenge is that conventional technical training typically focuses on specialised skills that are relevant to only a few subsystems or components – there is little foundation in Systems Thinking or Systems Engineering. Consequently, most conventionally-trained technical designers will require, as an introduction to WSD, a clear understanding of the elements of a Whole System Design approach. This unit builds on from Unit 4 by presenting a ‘how-to’ of the final five of the 10 Key Elements of Whole System Design.
Recall the Process for a Whole System Approach to Sustainable Design

The typical system lifecycle consists of development (including production), operation and retirement stages. Systems Engineering is performed primarily during the development stage, excluding production, while the production, operation and retirement stages are actively considered. The process for a Whole System Approach to Sustainable Design consists of several phases. Phase 2, phase 3 and phase 4 feed back into earlier phases, so the process may be iterative in practice:
Phase 1: Need Definition 

The aim of the Need Definition phase is to develop an understanding of the system, its purpose and the attributes that will make it sustainable. There are three steps of the Need Definition to consider – service specification, operating conditions specification and genuine targets specification.

Phase 2: Conceptual Design

The aim of the Conceptual Design phase is to thoroughly explore the solution space for all possible options that address the Need Definition, and to then generate a set of conceptual systems for further development. There are four steps of the Conceptual Design phase to consider – research, generate conceptual systems, testing, and selection.

Phase 3: Preliminary Design

The aim of the Preliminary Design phase is to develop the set of conceptual systems into a set of preliminary systems by designing their subsystems such that the system as a whole best fulfils the Need Definition, and then to select the best system for further development. There are five steps of the Preliminary Design phase to consider for each conceptual system; research, designing the system, testing, selection, and review.

Phase 4: Detail Design

The aim of the Detail Design phase is to develop the selected preliminary system into the detail system by optimising its subsystems such that the system as a whole best fulfils the updated Need Definition. There are three steps of the Detail Design phase to consider – research, optimising the system and testing.

Elements of Applying a Whole System Design Approach (Elements 6-10) 

Element 6: Design and Optimise Subsystems to Achieve Compounding Resource Savings
Many systems have subsystem synergies that resemble a distinct ‘path’ originating at a single or small number of subsystems. As discussed in Step 5: ‘Design and optimise subsystems at the right time and in the right sequence’, these subsystems usually have the most-positive impact and thus are best designed and optimised first. An important observation is that the sequences resulting from applying Element 5 are generally counter to the actual resource transmissions. That is, the subsystem design and optimisation sequences in the Preliminary Design and Detail Design phases are a set of integrated, general downstream to upstream sequences.

In systems with actual resource transmissions, a downstream to upstream sequence is equivalent to the sequence ‘demand before supply’ in Element 5. The downstream to upstream sequence also applies more abstractly to systems with unidirectional subsystem synergies that do not represent resource transmissions.

The impacts of subsystems in series compound, not sum. Thus it is important to design and optimise subsystems such that the compounded impact is optimised. Compounding impacts can be leveraged to turn several small improvements at the subsystem-level into a large positive impact on the system. 

Focusing on end use efficiency can create a cascade of savings all the way back to the power plant, dam, mine or forest. This is why an engineering focus on a Whole System Design approach to re-optimise ‘end use’ engineered systems such as motors, HVAC systems, buildings, and cars can help business and nations reduce costs of infrastructure and environmental pressures significantly. It is by focusing on these engineered systems which actually provide the services we need, close to the end user, that big energy savings can be achieved back up the line. Much electricity has been used to create and run these end user engineered systems. Hence any savings in the amount of energy needed to run these end use engineered systems will produce a cascade of savings back to the electrical power plant. Consider the example of motors. Motors use about 60 percent of the world’s energy.
 Those used in pumping applications use about 20 percent of the world’s energy.
 So if it is possible to reduce the amount of energy that a motor system needs to provide this will create a cascade of savings all the way back to the power plant. 

This effect of compounding savings from improving the efficiency of an industrial pumping system is seen in Figure 5.1, which shows the energy transmission and losses from raw material to the service of a pumped fluid in a typical pumping system.
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Figure 5.1. The energy transmission and losses from raw material to the service of a pumped fluid in typical industrial pumping system.
Source: Lovins, A.B. (2005)

In this case, the energy losses compound at every subsystem downstream of the ‘Fuel energy input’ until only 9.5 percent of the original input energy remains to provide the service. However, designing and optimising this system in the counter sequence, downstream to upstream, creates an opportunity to turn compounding energy losses (a negative impact) into compounding energy reductions (a positive impact). The downstream–most subsystem is the end use. Reducing ‘Energy output’ by 1 unit eliminates 10.5 (= 100/9.5) units of ‘Fuel energy input’. Next, reducing ‘Pipe losses’ by 1 unit eliminates a further 8.3 units; ‘Throttle losses’, 5.5 units; ‘Pump losses’, 4.2 units; and so on up to ‘Power plant losses’, which eliminates 1 unit of ‘Fuel energy input’. The result is that reducing energy losses by 1 unit in each subsystem, or 8 units in total, eliminates 40 units of ‘Fuel energy input’.

This Element – ‘Design and optimise subsystems to achieve compounding resource savings’ – can also be important to stimulate new ways of re-designing existing systems. The case study of ANU’s Solar Sliver is a remarkable re-design of conventional solar cells and helps to illustrate Element 6. 

Case Study: Solar Cell Design
Size and mass are two physical characteristics that limit the practicality of current Photovoltaic (PV) systems. These characteristics are important because PV systems are often mounted on rooves or eaves where space and structural integrity could be limited. Solar cells, the main functional subsystem, contribute very little mass to the PV system. However, the cells’ relatively large face area means the solar module’s glass sheets need to be large. Current solar modules also require additional electrical and electronic subsystems such as diodes and inverters. Consequently, most of a PV system’s mass is attributed to the supporting subsystems.

In a PV system, solar cells are the downstream-most subsystem with respect to both material and energy resources through a series of unidirectional subsystem synergies. Figure 5.2 shows the synergies in a PV system. The arrows indicate the dependence between subsystems.
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Figure 5.2. Subsystem synergies in a photovoltaic system with respect to materials and energy resources
Source: The Natural Edge Project (2008)
Sliver® cells (see Figure 5.3), developed by the Australian National University and Origin Energy, are a good example of applying Element 6’s features to photovoltaic (PV) systems. Sliver cells are small, flexible, bifacial solar cells with dimensions 50-100mm long, 1-2mm wide and 40-70 microns thick. They require about 10 percent of the silicon
 (the most costly input in solar cell production
) of conventional cells at a given power rating.
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Figure 5.3 A transparent Sliver® module containing thin Sliver® cells
Source: Centre for Sustainable Energy Systems

Although Sliver cells have a greater conversion efficiency (over 19 percent)
 than conventional solar cells (about 15 percent), the large majority of the silicon reduction is as a result of the manufacturing technology. About 1000 Sliver cells can be micro-machined from a 150 mm, circular, silicon wafer of thickness 1.5 mm.
 The Sliver cells from just one wafer have a total surface area of about 1500 cm2, whereas conventional cells from one wafer have a total surface area of just 177cm2.
 The higher cost of complex processing for Sliver cells is offset by 20-fold fewer wafer starts per kW.
 Sliver cells also have the advantage that they can be made from low quality or radiation-damaged silicon.
 Using Sliver cells to build a PV system has many positive impacts through synergies on the materials and energy consumption of upstream subsystems. Firstly, Sliver cells’ smaller face area reduces the area and hence mass of the Sliver module’s glass sheets. Secondly, Sliver modules can be connected in series without protective diodes and could allow for conversion from DC to AC without a transformer in the inverter.
 Not only does eliminating these electrical subsystems reduce the PV system’s mass, it also improves its energy efficiency, which means the same electricity output can be generated with an even smaller face area.
 Finally, the Sliver module’s lower mass reduces the mass and required integrity of the support structure. 

Sliver cells’ smaller mass and size also has positive hidden impacts on the mass and energy flow of upstream subsystems in the production system (see Figure 5.4). A lower mass requirement for any material also reduces the material and energy demand on the supplier, transporter, processor, and extractor.
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Figure 5.4. Subsystem synergies in the production system for photovoltaic systems
Source: The Natural Edge Project (2008)
The lower material demand and energy requirements make Sliver modules at least cost competitive with conventional solar modules in the retail market, and the energy investment in creating a Sliver module is less than that of a conventional module. A Sliver module’s energy investment is repaid in 1.5 years of operation when located on a rooftop in a temperate climate.
 In comparison, the higher silicon content in a conventional module contributes to a much longer, 4.1-year energy payback.
  Furthermore, the carbon dioxide equivalent coefficient of a Sliver module is about 20-fold lower than the average electricity production in Australia.

Element 7: Review the System for Potential Improvements  

Unit 2 highlighted the fact that in the past narrow technological solutions often caused more problems than the one they were designed to solve. Examples like leaded petrol and CFCs were given to show just how significant design oversights can be. Hence it is important to review the whole system to identify potential improvements to the system’s environmental, social and safety performances as well as its cost effectiveness. Unit 2 emphasised that one of the reasons why there have been these major mistakes in the past is a failure to consider impacts of the design to broader systems.  

Life cycle analysis is a tool to help engineers take a precautionary approach with their designs to seek to minimise unforeseen nonlinear negative system responses, and can help engineers significantly reduce the broader system risks of their design choices.
 To seek to ensure that such types of design mistakes are not repeated, Systems Engineering (and most engineering disciplines) today recommend using life cycle analysis databases, chemical risk databases and OH&S information when assessing design options. The methodology behind Systems Engineering recommends that engineers design with an awareness of the broader systems within which technologies operate - namely the environmental, social, and built environment systems.  As Blanchard and Fabrycky write,
  

Systems engineering involves a life-cycle orientation that addresses all phases to include system design and development, production and/or construction, distribution, operation, maintenance and support, retirement, phase-out, and disposal. Emphasis in the past has been placed primarily on design and system acquisition activities with little (if any) consideration given to their impact on production, operations, maintenance, support, and disposal. If one is to adequately identify risks associated with the up front decision making process, then such decisions must be based on life cycle considerations. 

Undertaking effective life cycle analysis can also help to identify new potential sources of energy, water and materials efficiencies. A (thorough) review of the system to identify potential improvements is at the heart of a Whole System Design approach. As Amory Lovins, Hunter Lovins and Paul Hawken wrote in Natural Capitalism,
 

At the heart of this chapter, and, for that matter, the entire book, is the thesis that 90–95 per cent reductions in material and energy are possible in developed nations without diminishing the quantity or quality of the services that people want. Sometimes such a large saving can come from a single conceptual or technological leap, like Schilham’s pumps at Interface in Shanghai (See Unit 6 Industrial Pumping Systems), or a state-of-the-art building. More often, however, it comes from systematically combining a series of successive savings. Often the savings come in different parts of the value chain that stretches from the extraction of a raw resource, through every intermediate step of processing and transportation, to the final delivery of the service (and even beyond to the ultimate recovery of leftover energy and materials). The secret to achieving large savings in such a chain of successive steps is to multiply the savings together, capturing the magic of compounding arithmetic. For example, if a process has ten steps, and you can save 20 per cent in each step without interfering with the others, then you will be left using only 11 per cent of what you started with – an 89 per cent saving overall.

Numerous government energy efficiency programs around the world have found there are between 20-50 percent potential energy efficiency savings across all industry, commercial building and residential sectors. This has been the finding of the Department of Industry, Tourism and Resources (DITR) Energy Efficiency Best Practice program
 which covered a wide range of industry sectors from 1998-2003. Through this program DITR found that best practice was 80 percent more energy efficient than worst practice among Dairy Processes in Australia, and that even where a company already has an energy efficiency program, there are still significant energy efficiency opportunities to be found. 

These results are partly due to the fact that at most sites (from homes to large industrial plants), there is very limited measurement and monitoring of energy use at the process level. Further, rarely are there properly specified benchmarks against which performance can be evaluated. So rarely do the plant operators know what is possible. Numerous experiences demonstrate that designers and engineers generally assume equipment is working properly when often this is not the case. Lack of measurement, monitoring and benchmarking means that problems can remain undiagnosed for long periods, while wasting energy and money. This can contribute towards risk of failures and increased maintenance costs.  

Energy consuming systems are not often simple. Ideally, they should be modelled under a range of realistic operating conditions, so that appropriate priorities for savings measures can be set and reasonable estimates of energy savings from each measure can be made. 

Case Study: Columbia Lighting

Columbia Lighting is a manufacturer of commercial and industrial fluorescent lighting products. One of its plants operates around the clock and has over 300 motors, including a three-motor, 450hp compressed air system. Fresh out of an Electric Motor Management seminar in 2003, Dennis Short and Scott Patterson of Columbia Lighting were creating a plant wide inventory of all motors when one of the three motors of the compressed air system, a 100 hp motor, failed. The typical solution was to replace the failed motor with a more efficient model. However replacing the motor would be twice as expensive as what Columbia Lighting deemed cost effective.

Instead, Columbia Lighting pursued an alternative two-step solution which resulted in substantial operating energy and cost reductions. Firstly, they monitored for possible air leaks in the compressed air system using ultrasound techniques on the whole plant. Repairing the leaks reduced energy losses from both pressure drops and heat dissipation, and hence reduced the system’s overall power requirement by an amazing 47 percent. Next, Columbia Lighting monitored the system with an aim to improve the controls. The results were a further 26 percent reduction in the system’s overall power requirement. The overall 73 percent power savings eliminated the need for replacing the failed motor, since just one of the three original motors, a fixed speed 150 hp motor, could handle the load of the whole compressed air system.  

The improved system has reduced the electrical demand from 152.5kW/h to 37.5kW/h, which translates to an operating cost reduction from US$48,247 per year to US$12,737 per year and a comparable reduction in greenhouse gas emissions – all for the modest cost of assessing and repairing leaks. Further analysis has identified potential energy savings that could make a 100 hp variable speed controlled motor a viable option, reducing the overall power requirements for the system by a factor of 4.5 from the original three-motor configuration.

Case Study: Addressing Fixed Energy Overheads 

It is also important not to overlook the obvious. In most systems - from household appliances to office buildings to industrial sites - the nature of energy use can be characterised as shown in Figure 5.5. In an ideal process, no energy is used when the system is not doing anything useful, but as Figure 5.5 shows, when this particular industrial plant was not running it was still consuming significant amounts of energy. The gradient of the graph should reflect the ideal amount of energy used to run the process. In practice, most plant and equipment has surprisingly high fixed energy overheads (which could be described as standby energy use). Also the gradient of the typical process is steeper than the ideal graph, reflecting the inefficiencies within the process. 
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Figure 5.5. Energy use of a typical production system compared with one with zero energy overheads and the ideal process

Source: Pears, A. (2004)

Experience with systems ranging from large industrial plants, to retail stores, to homes shows similar characteristics. An effective strategy looks at both the fixed energy overheads and the system’s marginal efficiency. Often only one or the other is addressed.

Element 8: Model the System  

Theoretical modelling helps both inform what is possible and guides strategies for improvement. Field experience, lab tests and computer modelling should be used together where possible to ensure the system optimum is being approached, and such techniques are valuable in addressing more complex engineering problems. For instance the Melbourne University team responsible for successfully re-designing industrial pressurised filtration systems used computer modelling to ensure their re-design was in fact the optimum. Through modelling, the team at Melbourne University has been able to improve the efficiency of industrial filtration in existing plants by as much as 40 percent. 

Modelling by leading Whole System Designers, like RMIT Adjunct Professor Alan Pears, is showing that many everyday products are sub-optimised. Pear’s modelling has shown that even the standard dishwasher could be re-designed to no longer need 1.2kWh/wash but instead only 0.56kWh/wash on a normal program for a dishwasher.
 Re-optimising the system allowed the standard dishwasher to use the least amount of water, operate at the lowest temperatures, minimise standby electricity consumption and heat capacity of components heated, while optimising pump and motor efficiency. Figure 5.6 shows the potential savings the computer modelling identified. 
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Figure 5.6. Opportunities to reduce energy consumption in a dishwasher

Source: Pears, A. (2005)

In office buildings in Australia, energy consumption often far exceeds the levels expected on the basis of computer simulation. Thorough inspection and benchmarking usually leads to identification of the reasons for this, and the problems can be rectified. Often the problems are related to relatively minor issues such as inappropriately operated controls, excessive reheat, excessive air leakage into the building, and so on. 

Genesis Auto, an energy efficiency consultancy firm led by Geoff Andrews, were contracted to find out why a Commonwealth Government leased building, which had been designed to be 5-star, was only operating at 2-3 star. To work out why the building was not performing to standard the building’s engineers asked Genesis Auto to meter and monitor the main areas of energy usage – i.e. lighting, plug loads (PCs, printers, photocopiers), and the server room. They developed targets for each of these areas of energy usage to ensure that the building achieved a 5-star rating. Metering and monitoring of these three areas concluded that the building was using more energy simply because the plug loads were far higher than anticipated. PCs, printers and photocopiers were being left on all night instead of being turned off. Once this was addressed the building performed at a 5-star level. 

Modelling is usually the only cost effective option for understanding and optimising complex engineered systems in industry, such as mixing machinery that rely on generating turbulent fluid flows.
 Conventional ‘beat-and-stir’ industrial mixing machinery has several practical limitations. Static mixers (which are used in cosmetics manufacture) incorporate baffles, plates and constrictions where solids can easily accumulate and impede mixing, thus resulting in a poor product and production downtime. Stirred tank mixers (which are used in the dairy industry) suffer similar issues. Stirred tank mixers are also relatively large energy consumers, and they often develop regions of stagnant fluids and regions of high shear, which can result in poor mixing, damage to sensitive and live materials, and disrupt the formation and growth of particles or aggregates in a crystallizer.

Researchers from CSIRO Energy & Thermofluids Engineering used modelling to develop the Rotated Arc Mixer (RAM). The RAM can mix fluids without the issues of conventional mixers. The RAM relies on very chaotic mixing of highly viscous fluids, where mixing is forced by an outer cylinder rotating around a fixed inner cylinder. The inner cylinder has flow apertures cut at strategic locations, and this configuration creates both axial and transverse flows. The success of mixing is a function of flow rate, rotation rate and flow aperture location. These parameters are optimised using mathematical modelling. When the parameters are optimised, the RAM generates very low shear and no stagnant regions, consequently mixing twice as well while consuming five-fold less energy than a conventional mixer. Modelling is allowing scientists and engineers to develop new designs that significantly reduce environmental impacts. 
Case Study: Modelling Hot Water Systems  

Imagine if you were given the design challenge to design the most energy and water efficient gas hot water system. What are the right questions to ask? Some of these could include: 

· How much hot water is needed by the average household for showers?

· How can the design be optimised to minimise the amount of energy used to heat the water? 

Statistics show that the percentage of single person households in Australia has now increased to 25 percent of the total, while the percentage of two people per house is also 25 percent. Hence hot water systems can be designed to meet the needs of just one to two people per house and therefore meet 50 percent of the residential market for hot water systems, rather than the current, larger 200 litre capacity systems that meet only 15 percent of the market. Also the amount of hot water used per household significantly changes if Triple AAA shower heads are used, highlighting the importance of whole system synergies. 

Oversized water heaters have large standby losses. The response of the industry, to date, has been the invention of the instantaneous hot water heater with electronic ignition, which is an improvement. With the instantaneous gas hot water heater, the water no-longer needs to be maintained at a hot temperature all the time. But for 50 percent of the market in Australia these are a long way from being optimised for the whole system. Modelling, by Adjunct Professor Alan Pears, shows that for a household of one to two people, with people having a sequence of showers, with AAA shower heads, a well insulated 30 litre hot water heater has a large enough capacity to meet their daily shower needs.
 Modelling by Pears shows that such a highly efficient unit with a well insulated 30 litre storage tank, using a moderately large burner and electronic ignition can achieve significantly higher efficiencies than either the 4 star instantaneous hot water heater systems or the traditional 135 Litre systems. As shown in Figure 5.7, this improved efficiency is considerable, right down to the very low usage levels, without the standby losses of a large water heater. 
In Australia, when the gas industry looks at the performance of their products – in terms of star ratings – they assume a base level of 200 litres is required for showers by the average Australian household. Pears’ analysis of Australian demographics shows that 200 L is only now needed per day by 15 percent of all households. The industry has optimised gas hot water heaters for an unusual load profile not an emerging load profile. This highlights the business opportunity for the first company that designs a truly whole system optimised gas hot water system that accommodates for 50 percent of Australian households (1-2 person households). Thus it is possible to get a significant Factor 4 plus improvement through Whole System Design of domestic hot water systems, and even greater reductions in environmental impact if these insights were used to re-design solar hot water systems. 
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Figure 5.7. Comparison of task efficiencies of standard, 4-star rated and a highly efficiency hybrid hot water system (the significance of managing standby losses is shown by two different options for the 4-star model). Source: Pears, A. (2003)

Element 9: Track Technology Innovation 

One of the main reasons there are still significant resource productivity gains to be made is the fact that the rate of innovation in basic sciences and technologies has increased dramatically in the last few decades. The online resources such as ‘Meta-Efficient.com’
 and ‘Engadget.com’
 show that in many fields innovations are occurring every six months. Take the average refrigerator. The latest innovations in materials science in Europe have created a new insulation material that will allow refrigerators to be 50 percent more efficient, since most of the energy losses in current systems relate to insulation. This new insulating material from Europe achieves R4 levels of insulation while still being very thin. This will enable all heating and cooling devices and appliances, from kettles to microwaves to ovens, to be significantly better insulated without adding significant bulk to the appliance. 

Innovations in composite fibres and light metals in materials science now make it possible to design transportation vehicles to be significantly lighter than past car models. Innovations in composite fibres and light metals can now also be used in all forms of transportation, from air travel to trains to cars, to allow further whole system improvements.
 Unit 7 shows that thses materials allow cars to be entirely re-designed. 

Innovations in Appropriate Technology 

Innovations in the efficiency of everyday products and renewable energy sources is making the impossible possible. Innovations in ultra energy efficient lighting and renewable energy sources now allow many in developing countries to leapfrog the west in terms of energy development. An entry point exists for the private sector to drive because globally millions of tons of kerosene worth US$48 billion
 are consumed every year to meet the growing energy demands in developing countries around the world.  Kerosene, as well as disposable batteries and imported fossil fuels for running small generators, are in wide spread use among indigenous populations (which contribute about a third of the world’s population). However, these energy sources are relatively costly and the associated technologies are relatively inefficient. The inefficient use of these energy resources creates an opportunity in which the latest energy efficient and renewable energy technologies can play a significant role to reduce poverty. 
This role was recognised in the prestigious Science journal in 2005 where Evan Mills, from the US Lawrence Berkeley Labs wrote, ‘An emerging opportunity for reducing the global costs and greenhouse gas emissions associated with this highly inefficient form of lighting energy use is to replace fuel-based lamps with white solid-state (“LED”) lighting which can be affordably solar-powered. Doing so would allow those without access to electricity in the developing world to affordably leapfrog over the prevailing incandescent and fluorescent lighting technologies in use today throughout the electrified world.’

A significant effort is underway to further improve the energy efficiency of LEDs. LEDs have a market in both developing countries, who can leapfrog other electrical lighting technologies, and in OECD nations. In the United States, for instance, US$55 billion worth of electricity – some 22 percent of the nation's total – goes annually to light homes and businesses. 

The real advantage here lies in extremely low maintenance costs due to the low power requirements and long life. Once installed, the powerLED lamps should last for 20-40 years. The extreme efficiency of LEDs allows them to be powered or to have their batteries recharged through many renewable energy methods – microhydro, wind, solar, biofuels – for low cost. Furthermore, LEDs are available at power ratings as low as 0.5W; the next-lowest-power technology is the compact fluorescent lamp (CFLs), the smallest of which is 5W. Even a 5W CLF may be cost prohibitive in developing countries when powered by a currently-costly renewable energy technology, such as solar photovoltaic panels. The LEDs’ lower power rating allows smaller capacity solar panels to be used and thus helps minimise the total infrastructure cost for modern lighting technologies. Figure 5.8 shows the (a) capital costs and (b) operating costs of various lighting technologies when powered by renewable microhydro technology. Also, due to the kerosene market, there are already distribution networks in place throughout the developing world for LEDs and renewable energy technologies. New organisations, like ‘Lighting Up the World’ and ‘Barefoot Power’, are forming to help the public and private sectors, respectively, realise this opportunity. A rapid scaling up is technically possible and would already be profitable for the private sector. China has the capacity already to produce significant quantities of LEDs very cheaply, and there is enough of a profit margin here for private firms to offer other items of need to villages, such as free malaria nets, as part of the deal to further help address the real causes of poverty, build goodwill and achieve rapid market penetration.
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 (b)
Figure 5.8. Micro hydro village lighting system: comparison of (a) capital costs and (b) 10-year annual costs per household of various lighting technologies when powered by renewable microhydro technology.
Source: Craine, S. and Irvine-Halliday, D. (2001)

[Note that Figure 5.8a and Figure 5.8b were developed in 2001. Since then: 1) the cost of CFLs has decreased by 20-50 percent, 2) the cost of white LEDs (WLEDs) has decreased by about 70 percent, and 3) the lumens/watt of WLEDs has increased at least 2-fold. In addition, 4) the total lumen output of the WLEDs in Figure 5.8a is about 20 percent that of the CLFs (although it can be about 50 percent that of the CLFs in the working area since LED light is focused largely in a single direction). Accounting for these four factors, the capital cost of WLEDs increases to about the same or slightly more than that of CFLs.]
Innovations Inspired by Nature 

Other new areas of innovation come from biomimicry – innovation inspired by nature. For the last 300 years engineers have largely looked to anthropogenic designs and to technical scientific solutions to problems rather than having the humility to learn from nature. CSIRO states that, ‘biomimetic engineering mimics natural systems and processes, using molecular self-assembly as the key link between physics, chemistry and biology, and creating novel advanced structures, materials, and devices.’
 Biomimicry recognises the fact that the natural world contains highly effective systems and processes which can inform solutions to many of the waste, resource efficiency and management problems we grapple with today.

Biomimicry has already provided some timely standout innovations in areas such as energy engineering and waste reuse, where multiple-scale efficiency improvements are greatly needed. Biomimicry’s application is predicted across many sectors to help humanity achieve dramatic decoupling of economic growth and negative damage to the environment and communities to create truly restorative systems. Now many scientists and engineers are turning to nature to find new insights into how we can better apply our engineering and design expertise to develop new designs to meet society’s needs. 

The Natural Edge Project has also developed an introductory training program into Biomimetic Design for engineers.
 
Innovations in Green Chemistry and Green Engineering 

Green chemistry and green engineering are remarkable new fields to help engineers achieve Whole System re-Design, right down to the nano level of chemical processes, led by pioneers such as Dr Paul Anastas, Director of the Green Chemistry Institute and former Assistant Director for the Environment in the White House Office of Science and Technology Policy. Dr Anastas has created the ‘Green Chemistry Principles’, and this new field of knowledge based upon them, are helping to guide efforts in the following areas:

· Green chemistry seeks to achieve waste reduction through improved atom economy (that is, reacting as few reagent atoms as possible in order to reduce waste) and reduced use of toxic reagents for the production of environmentally benign products. 

· Green chemistry and green chemical engineering seeks to utilise catalysts to develop more efficient synthetic routes and reduce waste by avoiding processing steps. Synthetic strategies now employ benign solvent systems (such as ionic water
) and supercritical fluids (such as carbon dioxide
).  

· Biphasic systems and solvent-free methods for many reactions are also being tested to integrate preparation and product recovery. For example, phases of liquids that separate are going to be much easier to recover without needing an additional extractive processing step. 

· There has also been significant research into utilising high-temperature water and microwave heating, sono-chemistry (chemical reactions activated by sonic waves) and combinations of these and other enabling technologies.

Much work is also being done to harness chemicals for common reactions from renewable biomass feedstocks. For instance in 1989, Szmant estimated that 98 percent of organic chemicals used in the lab and by industry are derived from petroleum.
 The Netherlands Sustainable Technology Development
 project has found that, in principle, there is sufficient biomass production potential to meet the demands for raw organic chemicals from these renewable chemical feed-stocks.

Case Study: Argonne National Lab

An excellent example of green chemistry is the technology developed by Argonne National Lab, a winner of the 1999 USA President’s Awards for Green Chemistry.
 Every year in the United States alone, an estimated 3.5 million tons of highly toxic, petroleum-based solvents are used as cleaners, degreasers, and ingredients in adhesives, paints, inks, and many other applications. More environmentally friendly solvents have existed for years, but their higher costs have kept them from wide use. A technology developed by Argonne National Labs produces non-toxic, environmentally friendly ’green solvents’ from renewable carbohydrate feedstocks, such as corn starch. This discovery has the potential to replace around 80 percent of petroleum-derived cleaners, degreasers and other toxic and hazardous solvents. The process makes low-cost, high-purity ester-based solvents, such as ethyl lactate, using advanced fermentation, membrane separation, and chemical conversion technologies. These processes require very little energy and eliminate the large volumes of waste salts produced by conventional methods. Overall, the process uses as much as 90 percent less energy and produces ester lactates at about 50 percent of the cost of conventional methods. 
The Global Green Chemistry Network

There are currently over 25 research institutions around the globe focused on the development of sustainable chemistry – across Europe, the UK, North America, South America, West Africa and India. The Centre for Green Chemistry
 in the School of Chemistry at Monash University (Australia) is at the forefront of innovation in green chemistry.  Established in January 2000, with the goal of providing a fundamental scientific base for future green chemical technology, the Centre has a primary focus on Australian industry and Australian environmental problems. Among emerging green chemistry centres worldwide, the Australian Centre is noteworthy for its broad spectrum of research interests, including benign technologies for corrosion inhibitors, gold processing, and greener reaction media for chemical synthesis to name a few. Green Chemistry Principles as pioneered by Dr Anastas, and the field of knowledge that is growing based upon them, are helping to guide chemists and chemical engineers in their efforts to assist industry in its drive towards sustainability. 
The Natural Edge Project has also developed an introductory training program on Green Chemistry and Green Engineering.
 

Element 10: Design to Create Future Options
A basic tenet of sustainability is that future generations should have the same level of life quality, environmental amenities and range of options as ‘developed’ societies enjoy today. Units 6-10 that follow will assist to ensure that systems aid society in its transition to sustainability. However, it is also important to consider going beyond best practice by helping to create more options for future generations, as in Figure 5.9. 
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Figure 5.9. The standard decision tree compared to a sustainability design tree

Source: Birkeland, J. (2002)

Designing to create options is not an abstract idea. It is crucial that today’s designers are aware of how their systems affect the options of future generations. For example, as we discussed at the end of Unit 3, China is currently developing new coal fired power stations at a rate of one per week. However, it is vital that new coal fired power stations can be used for geo-sequestration when the technology becomes commercially available. There are significant concerns that many coal fired power stations in development are not correctly sited nor designed to make geo-sequestration of CO2 emissions possible in the future. To further demonstrate this element, consider the following examples: 

· Pipes and pumping systems (covered in Unit 6): This worked example shows that it is possible to reduce the negative impact on the environment by up to 90 percent. In some cases, there is additional opportunity to design pipes that give future generations more options. For example, in China new gas pipelines are designed to also accommodate hydrogen in the future.

· Hybrid cars (covered in Unit 7): This worked example shows that it is possible to significantly improve the fuel efficiency of cars, which then opens up new fuel options. Improved fuel efficiency makes biofuels and hydrogen fuel sources cost effective. General Motors’ new plug in hybrid car concept car eFlex is designed so they can run on petrol, biofuels, or hydrogen, ensuring that the car design can take advantage of whichever fuel mixes dominate the market in the future. General Motors Head of development, Jon Lauckner, has committed to producing the world’s first commercial plug-in hybrid. Car designers are also trying to improve the array of options for future generations by designing cars and their electrical components to be over 90 percent re-manufacturable. Remanufacturability is now a requirement in many countries in Europe and Asia; where the manufacturers’ responsibility for its products is extended to the entire life cycle. (See the featured Hypercar Revolution case study below.) 
· The IT and electronics industry (covered in Unit 8): This worked example shows that a Whole System Design approach to server design can greatly reduce energy consumption. IT must also be designed for remanufacture and recycling, which can reduce e-waste and ensure that precious metals and resources can be reused. TNEP has developed an introductory e-waste training program to assist designers in this area.
 

· The building industry (covered in Unit 9): This worked example shows that a Whole System Design approach to building design can reduce energy consumption. Many designers are also developing buildings where the materials can be dismantled and reused, such as the award-winning Newcastle University green buildings. 

· Domestic water systems (covered in Unit 10): This worked example shows that a Whole System Design approach to water-consuming systems in the home can greatly reduce water consumption. At a wider scope, dual pipes are a requirement for new building developments in many countries so that future occupants can choose to reuse their grey water. 

There are a number of tools to assist designers to design for increased choice for future generations, such as backcasting. 

Backcasting From the Future System
Backcasting involves designing a ‘future system’, a system for an envisioned future, by considering desired technological and political states, and then working backwards to develop a system that most closely matches that future system with technologies and policies that are available now.
 The envisioned future should represent the desired outcome rather than the transition,
 and should be general and non-prescriptive so as to be applicable at many levels, to many fields and to many industries. A general vision will encourage a flexible system that can adapt to unforeseen technological and political disturbances.

Table 5.1 contrasts forecasting and backcasting. In many ways, forecast systems emulate systems that are backcast, but from only a short time into the future.
Table 5.1: Contrasting conventional forecasting and backcasting

	Forecasting
	Backcasting

	Is influenced by the current technological and political states; and…
	Focuses on an envisioned future with desired technological and political states; which…

	often only looks as far as the next improvement; thus…
	is independent of both time and current technological and political states; thus…

	facilitates the propagation of otherwise-out-dated trends.
	facilitates the termination of out-dated trends.

	Is more of a market push based on convenience and security.
	Is more of a market pull based on need and incentive.


In practice, the technical inadequacies of forecasting are usually exacerbated by favouring the short term ‘safe bet’ option. Indeed, many modern ‘innovative’ systems based on forecasting still reflect a compromise between the best (long-term) option and the risk of a costly failed venture. Figure 5.10 compares forecasting and backcasting using an elastic band analogy (wherein the original system is akin to a slightly taught elastic band around two pegs).

Figure 5.10. Using the elastic band analogy to compare forecasting with backcasting
Source: Adapted from Lovins, A.B. (2002)

Forecasting: the original system is the first and worst of the series but is also the most optimal for current technological and political states. Forecasting introduces a fundamental design compromise. Every forecast upgrade pulls the system away from its original design (original elastic position) but since the platform does not change with technological and political progress (the pegs are fixed), the ease of adding value to a system (by pulling away further) reduces with time. This effect is known as diminishing returns. 
Backcasting: the original system is the last and best model of the series, and is also the most optimal for future technological and political states. Every backcast upgrade pulls the system toward its original design and since this is in the direction of technological and economic progress, the ease of adding value to a system increases with time. This effect is known as expanding returns.
Case Study: Hypercar Revolution

The basic structure of the car has changed very little in the past 50 years and is based on a design platform that first appeared about 100 years ago, at which time that platform was probably optimal. The state of technology at that time suggested that medium and long distance mobility could be most efficiently and cheaply achieved by a system such as Henry Ford’s Model T - the first mass produced, gas-powered vehicle with a transmission mechanism. Since then, and particularly in the last 50 years, cars have evolved incrementally and cautiously while technology has progressed rapidly. Consequently, modern passenger vehicles could be substantially different from existing cars and could potentially be more optimal. Hypercar used backcasting to develop a new passenger vehicle platform.
 The new platform is optimal in an envisioned future of technological and political sustainability and has the characteristics listed in Figure 5.11. The modern-day passenger vehicle of Hypercar’s platform is the Hypercar Revolution. Several subsystems of the Revolution, including the advanced composite structure, hydrogen fuel cells, the Fiberforge™ manufacturing process, and extensive electronic and software control are a result of backcasting from a future system (see Figure 5.11). These subsystems are currently-viable steps on the path to a sustainable vehicle.

Figure 5.11. Backcasting a sustainable passenger vehicle platform 
Source: The Natural Edge Project (2008)
The Revolution outperforms benchmark vehicles in every category measured. However, it is a concept vehicle and, although it can be competitively mass produced, support infrastructure and resources, such as refuelling stations for hydrogen fuel cell technology, are not yet sufficient. In this situation it is worthwhile backcasting further to develop a vehicle wherein the fuel-cell-electric power plant is preceded by a petrol-electric power plant. Since the rest of the vehicle is compatible with a fuel-cell-electric power plant, a future upgrade would be relatively cheap and easy.
Design for End-of-Life Processing

Design for end-of-life has a large influence on the system’s legacy. Good design seeks to ensure that non-biological resources can be reclaimed easily at end-of-life, or returned to a ‘technological metabolism’, as Bill McDonough famously puts it. This also helps make companies and customers money by optimising the system’s salvage value. Designing for end-of-life processing involves:

· Ease of disassembly: Where disassembly cannot be avoided, making it easier can reduce the time required for this non-value-adding activity. Permanent fastening such as welding or crimping should not be used if the product is intended for remanufacture. Components should not be damaged during disassembly.

· Ease of cleaning: Used components will likely require cleaning. Design components for easy cleaning by: understanding the cleaning methods; making the surfaces to be cleaned accessible; and ensuring that cleaning residues can not accumulate on the component.

· Ease of inspection: Minimise the time required for this non-value-adding activity.

· Ease of part replacement: Components that wear should be easily accessible so as to minimise the time required for reassembly and prevent damage during component insertion.

· Ease of reassembly: Minimise the time required for reassembly – if the system is being processed at end-of-life then it will be assembled multiple times throughout its life. Be aware of tolerances between components.

· Reusable components: Increasing the number or reusable components increases the cost effectiveness of end-of-life processing. 

· Modular components: Modular systems require less time for assembly and disassembly.

· Fasteners: Using fewer different fasteners reduces the complexity of assembly, disassembly and the materials handling.

· Interfaces: Using fewer different component interfaces reduces the number of different components required to produce a family of systems, which helps build economies of scale and improve re-manufacturability.

Walter Stahel and colleagues in the 1970s and 1980s proposed that redesigning products to minimise waste, resources and energy was a good place to start to achieve a sustainable society. In 1982, they formed the Product Life Institute in Geneva to further these studies.
 They developed for the first time the methodologies for many of the strategies now accepted today, such as extended product responsibility. They developed the ideas of how society needs to shift from a linear ‘cradle to grave’ approach to a cyclical ‘cradle to cradle’ approach for product design and use to minimise waste. In the 1970s and 1980s Stahel
 and colleagues pioneered the concepts behind ‘cradle to cradle’ arguing that the following
 would help to achieve it: 

· Product design should be optimised for durability, remanufacturing and recycling.

· Remanufacturing – preserving the stable frame of a product after use and replacing only worn out parts. 

· Leasing instead of selling
 – wherein the manufacturer’s interest lies in durability.

· Extended Product Liability/Stewardship/Responsibility – which could induce manufacturers to guarantee low pollution use and easy reuse.
Walter Stahel proposed three basic approaches to encouraging the reduction and minimisation of waste. These are outlined in detail in his Mitchell Prize Award winning essay, The Product-Life Factor,
 in which Stahel proposed a complex product life extension system; ‘A Self Replenishing System would create an economy based on a spiral loop system that minimises matter, energy-flow and environmental deterioration without restricting economic growth or social and technical progress’ (see Figure 5.12).
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Figure 5.12. The Self-Replenishing System (Product Life Extension)

Source: Stahel, W.R. (1982)

Stahel’s 1982 diagram (Figure 5.12) described how, through reuse (loop 1), repair (loop 2) and reconditioning (loop 3), it is possible to utilise used products or components as a source for new ones, as well as recycling (loop 4) using scrap as locally-available raw material.
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