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Unit 4  

Elements of Applying a Whole System Design Approach (Elements 1-5) 

Educational Aim 

Despite the increasing popularity of books that promote Whole System Design (WSD), like Natural Capitalism, only a tiny fraction of technical designers routinely apply a WSD approach. Most conventionally trained technical designers will require, as an introduction to Whole System Design, a more stepwise guide to ‘how the elements of a Whole System Design approach can be applied’ This unit presents a ‘how-to’ of the first five elements of Whole System Design that were outlined in Unit 3. The application of each element for optimal sustainability and competitive advantage is also 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. Unit 5 builds on from this unit 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 1-5)

Element 1: Ask the Right Questions

Taking a disciplined approach to questioning the need and suitability of each system feature and each step in the development process can greatly assist in developing an optimal system in a short period of time. Asking the right questions at the right time is the primary strategy for acquiring a deep understanding of the system and eliminating costly late modifications to the system. The question that drives the system development process is: How can a system be developed to provide the required service? Developing a system to provide a particular service is a process of working backwards to define the required system behaviours, researching available technologies and design concepts, and then selecting and integrating technologies and design concepts based on the Need Definition, as in Figure 4.1 (which also shows that social, technological and resource considerations drive questions throughout the development process).
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Figure 4.1. A model of the resource and decisions inputs to providing a service. Source: Pears, A. (2004)

An example of working backwards from the required service is illustrated in Figure 4.2, based on providing clean clothes. 
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Figure 4.2. The range of potential technologies that can be used to provide the service of clean clothes, and the dependence of each technology on energy resources.
Source: adapted from Pears, A. (2003)

The white boxes show the range of potential technologies that can emerge from a single question regarding the service of clean clothes, and the light grey boxes illustrate the unique dependence of each technology on energy resources. 

There are three primary questions to ask during the Need Definition phase. These questions are critical for embedding a sustainability focus into the design specifications:

Question 1) What is the required service? (Service Specification)
A service is an intangible version of a good. Service provision engages goods and resources but does not necessarily consume any resource other than time. It is important to consider the number of times that the service is required during the system’s operating life. Designing for too few services means the system could fail prematurely, and designing for too many services means that more resources than necessary are engaged and lost.

Thinking in terms of service (pull) rather than product (push) eliminates the temptation to engage resources unnecessarily. For example, SafeChem
 a company established by The Dow Chemical Company, provides the service of cleaning metal components rather than providing solvents. SafeChem’s solutions involve a closed loop leasing system, wherein all solvents delivered to the customer are recovered, recycled and reused. Since any resources used to provide the service come at a cost, SafeChem have an incentive to develop the most resource efficient solution. This service model strikes a stark contrast with the conventional product sales model, wherein the chemical supplier has an incentive to maximise the amount of solvent required. Calculations suggest that the enhanced model can reduce solvent consumption in already-low-emission plants by 40 to 80 percent.
Question 2) What is the optimal service? (Genuine Targets Specification)
A single service can be provided by any number of systems. The role of a Whole System Design approach is to ensure the service is provided optimally. The optimal service delivers the most benefits for least cost while providing the required service. For the purposes of this unit, we will be measuring the benefits and costs against environmental and economic sustainability. Social sustainability is an important consideration that is encouraged but not discussed here because its requirements vary substantially between systems, application, regions and cultures. Thus throughout its life, a theoretically optimal system will: manage resources as in Table 4.1; optimise the number of times its services are fulfilled; be cost-effective; and provide social fulfilment. A system’s ‘life’ extends from the development stage up to and including the system’s final processing, after which the resources are no longer part of the system. This interpretation encompasses system upgrades and refurbishing.

Table 4.1: Resource management for an optimal system 
	Resource
	Minimise
	Maximise

	Materials
	Materials un-recovered

Materials adversely disturbed
	Materials upgraded

Materials favourably dispersed

	Energy
	Energy un-recovered
	Energy upgraded

	Space
	Space required
	

	Biological Impact
	Toxic impact
	Restorative impact


An example of systems that closely reflects Table 4.1 are Carnegie’s Climatex®, a series of upholstery fabrics and its manufacturing process, developed in conjunction with McDonough Braungart Design Chemistry (MBDC). Climatex®
 fabrics are coloured, biodegradable (materials favourably dispersed, restorative impact), non-toxic (toxic impact) and do not require additional chemical treatment. The fabrics contain pure wool from free range sheep, polyester and organically-grown ramie, and offer a combination of natural heat conservation, moisture absorption, good humidity transport and high-elasticity. In developing the manufacturing process, approximately 1600 dye chemicals were tested, of which only 16 met ecological safety targets (toxic impact). Testing revealed that the outgoing process water, which is safe to drink, was cleaner than the incoming water (materials upgraded, restorative impact).
 The biodegradable and non-toxic process material scrap is used to feed strawberry farms (materials un-recovered, restorative impact).
 

Question 3) What are the system’s operating conditions? (Operating Conditions Specification)
There are two key considerations of a system’s operational life: 

1. A system always operates within a larger system so it is important to account for external interactions.

2. Most systems are required to operate at several different loads and in several different environments, so it is important to optimise the system for the most common operating conditions while still designing the system to be reliable at maximum load.

There is an abundance of examples of these considerations, particularly the second consideration, being overlooked. An example is air-conditioners; to ensure reliability, many air-conditioners are designed and optimised to operate at full load on extremely hot days. However, the most common operating conditions for air-conditioners are warm days at part load. 

Another example is gas hot water systems. Manufacturers design their gas hot water systems in line with the Australian energy rating scheme, which assumes that the average Australian home has 3-4 people and that hot water consumption is 200 litres per day. However, this profile is only relevant to 15 percent of homes. Single-person homes make up 25 percent of homes, while two-person homes make up an additional 25 percent. Consequently, at least half of all gas hot water systems provide twice the required capacity. The primary significance of this over-sizing is that standby heat losses are large in systems that maintain a full tank of hot water and increase with tank capacity. There is not yet a hot water system small enough to match the needs of the 1-2-person home. This gap in the market presents a significant business opportunity for an entrepreneur. 
Element 2: Benchmark Against the Optimal System

Benchmark targets are embedded in the system specifications. They are regularly consulted throughout the system development process, particularly to address questions and to evaluate the system during testing. It is important to benchmark against the optimal system, not merely against the best existing system. Most existing systems are sub-optimal and thus benchmarking against them can introduce arbitrary constraints that restrict the solution space. In addition, setting ambitious targets encourages breaking away from possibly-restrictive cultural norms in order to explore new opportunities for service provision and system development.

An example of not benchmarking against the optimal system is early fax machines. In the early 1990s, it became apparent that fax machines were consuming as much energy in idle mode (which is 90 percent of the time), as they did in servicing phone calls. Similar observations about other electrical and electronic appliances then began to emerge. These events led to a deliberate effort to improve standby operation by setting benchmark targets for low energy consumption. Today, there is an industry-wide benchmark of 1 Watt standby energy consumption in electrical and electronic appliances. This has led to significant cost savings and reductions in greenhouse gas emissions for businesses, government, organisations and households. 
An example of the opportunities for improvement through benchmarking is refrigerated supermarket display cabinets. The service of a typical open-case display cabinet is to cool and preserve meat and dairy products for health and safety reasons. Benchmarking a conventional cabinet against an optimal cabinet, which is developed using theoretical modelling and practical testing, reveals several performance differences and correspondingly several opportunities for improving the conventional cabinet. Firstly, the addition of a glass door over the cabinet’s open face, similar to that of a supermarket freezer, can reduce energy consumption by 68 percent, preserve food more effectively and deliver a host of other benefits.
 The largest portion of this reduced energy consumption is from preventing the extreme leakage of cooling air from the open face. In addition, the otherwise leaked air contributes enormously to the supermarket’s heating load and thus may unnecessarily increase the required capacity of the space heating system. The open face allows moist surrounding air to flow into the case and hence create a very high demand for defrost energy of 0.9 kWh/litre. The additional moisture also complicates both internal and external temperature control. Secondly, these display cabinets are usually lit internally by inefficient lamps, which radiate heat directly above food items. Benchmarking shows that this heat not only contributes to the cooling load, but also creates abnormal thermal profiles around food products that are difficult to control and thus could lead to poorly preserved products. Finally, some cabinets incorporate inefficient fans and motors that contribute further to the cooling load.

In Whole System Design, benchmark targets are generally developed in a two-stage process: (although minor updates are usually made throughout the process as the understanding of the system improves)
1. Initial benchmark targets are developed during the Need Definition phase. At this stage, they reflect theoretical optimal service provision as determined by Element 1, (ask the right questions), and are largely qualitative.

2. The benchmark targets are reviewed at the end of the Preliminary Design phase. At this stage, practical constraints are superimposed onto the theoretical targets to determine the practical targets, many of which are quantitative. Ensuring that any practical constraints are genuine prevents restricting the solution space.

A good example to demonstrate the difference between theoretical and practical benchmark targets is brick manufacturing. Brick manufacturing is a multistage process (see Figure 4.3) in which water is added during forming and removed primarily during drying and less-so during firing. This example discusses the theoretical and practical considerations for optimising energy consumption with respect to drying a batch of 1000 stiff-mud bricks. Note that designing and optimising a subsystem in isolation from the rest of the system, as this case study suggests, is counter to a Whole System Design approach. In fact, isolating the drying process as the sole means of removing moisture from brick will most likely result in a suboptimal solution because there is an opportunity to reduce the quantity of input water during the earlier forming process and another opportunity to remove moisture during the subsequent firing process.
[image: image3.jpg]Mining Storage  Size Reduction Screening a::gﬂult!t.l%g :|

PR« e < T

Storage Firing
and Shipping and Cooling Drying Coating or Glazing




Figure 4.3. The brick manufacturing process

Source: The Brick Industry Association (2006)

The theoretical benchmark targets for removing moisture depend on the type of processes used for each step of the production phase. For example, drying is an evaporation process that requires a certain quantity of thermal energy to evaporate a given quantity of water. Firing, on the other hand, is a chemical process that requires a certain quantity of thermal energy at a given temperature to break and reform chemical bonds. The theoretical target for energy consumption in the drying process can be determined as follows:

· Evaporation of water requires 2.26 MJ/kg of latent heat of evaporation, plus about 100 MJ of sensible heat per 1000 bricks to increase the water temperature from about 20°C to 100°C.
· The quantity of moisture in bricks before drying depends on the forming method. Stiff-mud bricks are 12-15 percent moisture by mass.
· Given that a batch of 1000 stiff-mud bricks has a mass of 3000 kg, the 12 percent moisture would have a mass of 360 kg.
· Thus the theoretical target for heat energy required to remove all the water from 1000 stiff-mud bricks by drying is 2.26 MJ/kg x 360 kg + 100 MJ = 914 MJ.

There are a few practical constraints in the drying process:
· The rate of removing moisture depends on the circulation and humidity of air around the bricks, while circulation of air depends on the spacing of the bricks and the size and spacing of the holes in the bricks. Thus, there are spacing and hole size constraints. 
· The consistency of the bricks may not be uniform so drying time may be extended to allow insulated regions of moisture to evaporate. 
· The kiln and cart absorb some heat energy at a rate dependent on their heat capacity and temperature, so additional heat energy is required for cold starts. 
· The consistency of bricks located near the cart may be affected by the different local thermal profile.
Superimposing these constraints onto the theoretical targets gives the practical targets. Note that these constraints may only be genuine constraints if their inclusion in the system was established in earlier phases of the Development process. Constraints related to the cart affecting brick consistency, for example, is only genuine if the system must incorporate a cart.

Element 3: Design and Optimise the Whole System

Many systems and technologies are believed to be so complex and refined that only incremental improvements are possible. However, a Whole System Design (WSD) approach reveals that the more complex a technology is, the more opportunities there are for improvements.

System development is facilitated by cleansheet design. Cleansheet design is the process of developing a system from only a set of requirements and a ‘clean sheet of paper’. Cleansheet design creates a design environment that offers the flexibility and creative space to innovate by investigating options that lie outside the bounds of the typical systems. In this environment, the system can be designed and optimised as a whole, and consequently compromise can be minimised. Cleansheet design discourages defining arbitrary constraints, which can promote compromise and premature commitment to a particular solution, and hence lead to an inherently non-optimisable system. A special case of setting arbitrary constraints is developing a system based on a previous version. 

Designing the system as a whole is of value primarily during the Conceptual Design and Preliminary Design phases. It involves taking a system-level emphasis on selecting and integrating subsystems and hence allowing synergies between subsystems to be identified and optimised. System-level design is assisted by multidisciplinary development teams that have expertise in a broad range of relevant technology and design concepts.

An example of substantial benefits through optimising synergies between subsystems is the IDEX™ kiln.
 IDEX is an energy-efficient, indirect-fired, controlled atmosphere kiln developed by Wabash Alloys, an aluminium recycler and provider of aluminium alloy, in conjunction with Energy Research Company (ERCo). The IDEX optimises the synergies between subsystems to: clean aluminium with lower energy consumption; have fewer volatile organic compound (VOC) emissions; reduce aluminium loss; and better process unwanted substances than comparable kilns. System-level design provides the opportunities for reducing energy consumptions that may not be identified with subsystem-level design (component design). The primary opportunities are reusing the IDEX’s own heat to remove organic contaminants, hence reducing the IDEX’s energy consumption, as well as being able to use cleaned, preheated aluminium scrap from the IDEX in the kiln at the next step of the process, which reduces the kiln’s heating energy. If air leaks are eliminated and preheated scrap is used, the IDEX could save the aluminium recycling market three trillion British Thermal Units annually. Using IDEX’s cleaned and preheated aluminium in the furnace can also reduce aluminium loss and other metal particulate emissions by up to 34 percent. Emissions from the IDEX are 5-50-fold lower than stipulated by the New York State’s Department of Environmental Conservation standards.
Optimising the system as a whole is of value primarily during the Detail Design phase. It involves comparing subsystem modifications against changes in both system service provision and subsystem functionality, and is usually an iterative process. Comparing against the system and subsystem levels ensures that both the synergies and subsystems are optimised for the benefit of the system. In the case of a contradiction, optimising system service provision is more important than optimising the subsystem functionality.

An example of applying Element 3’s features to transport vehicles is the Hypercar Revolution. Hypercar used cleansheet design to develop the Revolution concept vehicle
 – a safe, well-performing, ultra-efficient passenger vehicle that is almost fully recyclable and competitively-priced compared to current popular cars. Hypercar, having removed the constraints associated with upgrading past car models, was also able to overcome the compromises of conventional automobile design, such as making cars ‘light or safe’ and ‘efficient or spacious’. Hypercar took advantage of synergies between subsystems to make the Revolution ‘light and safe’ and ‘efficient and spacious’.

Hypercar identified a synergy between the mass of the Revolution’s primary structure and almost every other subsystem, as in Figure 4.4 (a). Hypercar determined that a low mass primary structure would ultimately help meet ambitious targets for cost, as in Figure 4.4 (b), safety, efficiency, performance and comfort.
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Figure 4.4. Potential (a) mass and (b) cost reductions through subsystem synergies arising from a low mass primary structure and low drag shell components in passenger vehicles

Source: Brylawski and Lovins (1998)

The primary structure is made from an advanced composite material and consists of only 14 major components – about 65 percent fewer than that of a conventional, stamped steel structure.
 The components are made using a manufacturing process called Fibreforge™. Fibreforge requires very few sharp bends or deep draws, and thus has low tooling costs, high repeatability and fewer processing steps than conventional car assembly.
 Unlike steel, the composite materials are lightweight, stiff, fatigue-resistant and rust proof.
 The higher cost of the composite materials is compensated by a reduction in replacement parts and assembly complexity. The smoothly-shaped shell components also reduce the Revolution’s drag.

The low mass of the primary structure and low drag of the shell components reduce the mechanical load on the chassis and propulsion subsystems, which thus can be made relatively small and, again, low mass. Furthermore, some technological substitutions also become viable. For example, relatively small and very energy efficient electric motors can power the wheels and thus eliminate the need for axles and differentials.
 

The Revolution’s low mass (about half that of similar-sized conventional vehicle) requires only 35 kW for cruising.
 The low power requirement makes viable ambient pressure fuel cell technology, which emits only pure water vapour and which would be too expensive at a large capacity. The fuel cell operates efficiently since it is mainly for cruising and thus can be optimised to operate over a very small power range. Additional power for acceleration is drawn from auxiliary 35 kW batteries. The batteries are recharged by a regenerative braking subsystem,
 which is coupled with the electric motors. The braking system reduces energy losses to the surroundings.

The subsystem synergies in the Revolution are similar to those in all transport vehicles. Trucks, trains, ships and aircraft can double or triple their fuel efficiency compared to conventional vehicles by 2025 by incorporating: low mass primary structures; low drag shells; small, high efficiency propulsion systems and drive trains; and electronic control.
 Some organisations are already taking the first steps, i.e. Boeing has announced that its new passenger aircraft, which incorporates low mass composite materials, will consume 20 percent less fuel than other comparable aircraft. Wal-mart has announced that its fleet of 6800 heavy trucks, which incorporate low drag shells, will double fuel efficiency by 2015, saving $494 million by 2020.
 

Element 4: Account for All Measurable Impacts

A defining feature of a system is the fact that making a single modification will create at least one other impact beyond that modification. This feature can be leveraged to assist in developing an optimal system in a short period of time. This leverage is created by designing and optimising for the most-positive impacts, which is of value primarily during the Conceptual Design, Preliminary Design and Detail Design phases. The aim is to optimise as much of the system as possible, not just a particular subsystem, with each decision. 
There are two general types of impacts to consider in determining a decision’s true value:
1. Impacts through synergies – which occur internally within subsystems other than the subsystem that was acted on. These impacts can manifest throughout the life of the system. Impacts through synergies are not always tangible so further action on the subsystems of impact may be required to optimise the full impact of the original action. 
An example that demonstrates accounting for impacts through synergies is RLX’s blade server.
 In 2001, RLX developed a blade server centred about an energy efficient Transmeta processor. The Transmeta processor required 7-15W of electrical power while the leading competitor’s equivalent processor required 75W. Using the Transmeta processor invoked several impacts through synergies, including:
· The high energy efficiency of the Transmeta processor and other components led to RLX’s server consuming 0.13A while the leading competitor’s server consumed 79A to provide a similar service. The Transmeta processor generated relatively little heat and thus did not require auxiliary cooling through heat sinks and cooling fans (energy efficiency impacts on a number of components).
· Fewer cooling components and other component consolidation contributed to the size of the RLX server being 1/8 that of the leading competitor’s server (number of components impacts on volume). Consequently, where RLX could house 336 of its servers in a rack, the leading competitor could house only 42, albeit with two processors per server (volume impacts on number of racks). Fewer components also contributed to the RLX server having a mass of 3lbs while the leading competitor’s server had a mass of 29lbs (number of components impacts on mass).
· While the RLX server’s capital cost may have been greater that of the leading competitor’s server (depending on options), the total cost of ownership is about six-fold lower. The RLX server generated relatively little heat and thus required less cooling at the data centre level, which makes up about half of the total data centre operating cost (energy efficiency impacts on cooling load). The RLX server was also hot-pluggable with 12-fold fewer Ethernet cables per rack, and did not require tools to install or remove, making management substantially easier (number of components impacts on management complexity).
2. Hidden impacts – which occur externally as a result of transforming resources into the state that they are used to create the system, including transportation. These impacts are relevant to input resources for both production and transportation. Hidden impacts can be measured using appropriate ecological and social indicators.
An example that demonstrates accounting for hidden ecological impacts is EnviroGLAS®.
 EnviroGLAS create hard surfaces such as floors, countertops and landscaping materials from landfill-bound post-consumer and industrial ceramic materials. EnviroGLAS products are composed of about 75 percent recycled glass or porcelain and 25 percent epoxy binder by volume. EnviroGLAS’s products have a favourable hidden processing impact compared to similar products made from virgin materials. The hidden impact of 1kg of recycled glass includes 550g of abiotic material and 7kg of water.
 By contrast, the hidden impact of 1kg of virgin bottle glass includes 2.6kg of abiotic material and 13kg of water.
 The higher consumption of hidden input resources for virgin bottle glass is attributed largely to two differences – the disturbance of earth in order to obtain the silica sand, calcium, soda and magnesium ingredients; and the high energy demand to heat the ingredients to 1500°C in a furnace. EnviroGLAS’s products also have a favourable hidden transportation impact. EnviroGLAS’s materials are sourced from local recycling programs, so fuel consumption, gas emissions and human labour costs are low. By contrast, each individual material input for virgin ceramics is transported separately over large distances, often internationally.

An example that demonstrates accounting for hidden social impacts is lead in electronic equipment. Most notably, lead makes up 40 percent of electrical solder in printed circuit boards, 1-3 kg of glass panels in cathode ray tube (CRT) monitors and televisions,
 and a substantial portion of mass in hard drives. If not properly managed during production and at end-of-life, lead can be consumed by humans, other animals, plants and micro-organisms in a number of ways, including as airborne dust, ash or fumes, as well as ion in water bodies.
 Associated with lead consumption are negative hidden social impacts. Lead can accumulate in humans and cause a variety of health issues, including: damage to the nervous system, blood system, kidneys, and reproductive system, as well as impairment of child brain development and consequent intellectual impairment.
 The risk of lead consumption is high since a large portion of waste electronic equipment is exported to developing countries for ‘recycling’, which often involves people sorting through the waste in landfills
 or workshops
 without protection. Lead-free alternatives for both electrical solder and CRT monitors and televisions are now available. Lead-free solder replaces lead with a number of other metals and is being used for many electronic products. In addition, liquid crystal display (LCD) monitors use plastic instead of glass panels, and many plasma televisions use lead-free glass.

Ecological indicators are tools that estimate the hidden ecological impacts of resources. Several quantitative and qualitative ecological indicators have been developed. With so many similar ecological indicators available, it is important to understand the underlying assumptions and ensure that the selected (or developed) indicators are effective for the application. Generally, effective ecological indicators meet the following conditions:

· They are simple, yet reflecting essential environmental stress factors.
· They are scientifically defensible, albeit not necessarily scientifically complete.
· They are based on characteristics that are common to all processes, goods and services.
· The selected characteristics are straightforwardly measurable or calculable, irrespective of geographic locations.
· Obtaining results with these measures is cost-effective and timely.
· The measures permit the transparent and reproducible estimation of environmental stress potentials of all conceivable plans, processes, goods and services throughout the system‘s life.
· Their use always yields directionally safe answers.
· They form a bridge to economic models.
· They are acceptable and usable on all levels: locally, regionally and globally.
No single ecological indicator estimates all hidden ecological impacts. Hence, sets of ecological indicators are compiled to comprehensively estimate a decision’s hidden impacts. Accurate estimations rely on sets of ecological indicators that do not overlap.

An example of applying Element 4’s features to commercial buildings is Reno Post Office.
 Reno Post office is a modern warehouse with high ceilings and black floors. It houses two noisy mail sorting machines, which are so tedious and stressful to use that an operator can only work on a machine for 30 minutes at a time. In the early 1980’s, the Post Office was renovated at a cost of US$300,000 with the aim of improving energy efficiency. The renovation consisted of two parts: 1) lowering and sloping the ceiling; and 2) installing energy efficient, longer-lasting, softer-light lamps – both of which invoked impacts through synergies on other subsystems. Lowering the ceiling reduced the volume of space that required heating and cooling and thus reduced the energy demand for heating and air conditioning. Sloping the ceiling enhanced indirect lighting and reduced the need for direct lighting. The new ceiling also improved the warehouse’s acoustic properties. The new lamps reduced direct energy consumption and replacement costs. They also emit less heat and therefore reduce the energy demand for space heating. In total, the energy cost savings from these two activities amounted to US$22,400 per year while additional maintenance costs savings amounted to US$30,000 per year. The reduced demand for energy and paint reduced the hidden impacts of supplying those resource inputs, as estimated by the ecological indicators.

The renovations also invoked some unplanned and more valuable impacts on other subsystems of the Post Office. Productivity increased by 6 percent and the frequency of mail sorting errors dropped to the lowest error rate in the region. The productivity improvement yielded savings of US$400,000-$500,000 per year.

Element 5: Design and Optimise Subsystems in the Right Sequence

While a WSD approach emphasises system-level design and optimisation, there is a clear role for subsystem-level design and optimisation, primarily in the Preliminary Design and Detail Design phases. In these phases, the management of subsystem-level design and optimisation is determined by the system synergies. Consistent with Element 4 (‘account for all measurable impacts’), the decision to design or optimise a certain subsystem at a given time in the development process depends on its potential impact. Decisions that have the most-positive impact are favoured. An extension of this logic is that there is a single subsystem or small number of subsystems that are best designed or optimised first, and also there is a logical sequence, or set of parallel sequences, for designing or optimising subsystems that will yield the optimal system with minimal effort and human resource cost. The sequence is generally non-linear and usually iterative. Visual aids, such as schematic system maps, assist to identify the sequence.

In practice, subsystem-level design and optimisation manifests as the following generally mutually exclusive sequences:

· people before hardware

· shell before contents

· application before equipment

· quality before quantity

· passive before active

· demand before supply

An example of applying Element 5’s features to commercial buildings is Green on the Grand,
 a two-storey office property in the US, developed in 1995. The subsystem with the most-positive potential impact with respect to energy is the building’s envelope (shell). Green on the Grand is orientated to the south and its form helps optimise (passive) daylighting and solar gain. 

The next subsystem with positive potential impact with respect to energy is the building’s lighting subsystem. Lighting (application) is primarily provided by (passive) daylight. Daylight penetration and the associated glare and heat gain are optimised using appropriately-located large windows, glazed entranceways and interior glass walls. In summer, fabric roller-blinds and horizontal blinds with slats provide shading while deflecting light into offices. Secondary lighting requirements are met with (active) dimmable, photo- and motion-controlled, energy efficient lamps (equipment). The lamps are located to emphasise task lighting (quality). Lighting electricity consumption (demand) is 50 percent lower than for conventional offices.

The next subsystem with positive potential impact with respect to energy is the building’s climate control. Climate control (application) is primarily provided by the (passive) ventilation subsystem. The ventilation subsystem is mainly comprised of two heat exchangers, two fans and a heating/cooling coil. The subsystem supplies offices with fresh outdoor air while displacing stale air. Secondary climate control requirements are met with the (active) radiant heating and cooling subsystem (equipment). Compared with forced air subsystems, radiant subsystems have lower motor energy consumption and fewer moving components, and are more energy efficient. For example, the subsystem includes water-based radiant panels that cover 30 percent of the ceiling area. The panels warm the offices in winter, operating at 35°C, and cool the offices in summer, operating at 13°C.

The subsystem with the most-positive potential impact with respect to water is the building’s water system. Water services are provided through a number of subsystems. The bathrooms are equipped with water efficient fixtures, sensor-controlled shower heads and urinals (quality), and water efficient toilets. The bathrooms are centrally-located, which reduces hot water consumption (demand) by 20 percent. Water is heated by a high-efficiency gas boiler. Rainwater is used for irrigation and in the cooling pond, which helps expel excess heat in summer. The water consumption (demand) of Green on the Grand is 30 percent lower than for conventional offices.
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