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Abstract
This paper describes an in-progress project to develop a framework for holistic life
cycle design. Environmentally-conscious design requires the balance of a variety of
deeply coupled issues. Thus a holistic approach which addresses both the design of
the product and its life-cycle is needed. A design support system for modelling,
simulating and evaluating product life cycle is described and an example of modular
product design is illustrated. The results show that product design significantly
impacts product life cycle design and provide a foundation for the concept of
holistic product life cycle design. Finally, a prototype system for integrating
distributed design models to enable holistic design is outlined.
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1 INTRODUCTION

This paper describes a project called ‘A Framework for Holistic Life-Cycle Design:
The Integration of Performance, Economic, Manufacturing and Environmental
Measures.’ The work is funded by the AGS program (Alliance for Global
Sustainability) and is being carried out at the University of Tokyo, the Swiss
Federal Institute of Technology in Lausanne (EPFL) and the Massachusetts
Institute of Technology (MIT).
   Due to widespread awareness of global environmental problems and
environmental legislative measures such as take back and recycling laws,
environmentally-conscious design is important in product development. Many
environmental costs incurred during a product's production, use and obsolescence
are committed by early design decisions. Thus, research is active in areas such as
design for recyclability, disassemblability, life-cycle assessment and reusability.
However, product design decisions often require resolving conflicts and trade-offs
amongst numerous design goals. Therefore, environmentally-conscious design
should be integrated with traditional design issues. One of the key issues in holistic
life cycle design is the distinction between product design and life cycle design.
Product design focuses on design of the artifact itself. In contrast, life cycle design
addresses meta-level systems design issues and the planning of product life cycles.
For example, consider a consumer product that must be recycled. It can be designed
so that it is easy for third party dismantlers to disassemble it into components for
material recycling. Alternatively, it can be designed only to be disassembled and
recycled at the manufacturer's site. In this case, it is also necessary to set up special
product recovery channels to fulfil recycling requirements. A decision to choose one
option over the other, which involves non-technical considerations about marketing
and sales, may greatly influence the technical product design. Life cycle design is
closely coupled with product design, further increasing the need for a holistic
approach.
   Section 2 of this paper describes the basic concepts of holistic life cycle design.
It distinguishes and compares product design and product life cycle design. Section
3 illustrates a product life cycle design tool. Section 4 presents a design tool for
integrating models to facilitate holistic life cycle design.

2 THE CONCEPTS OF HOLISTIC LIFE CYCLE DESIGN

2.1 Holistic life cycle design

A product's life cycle typically consists of subprocesses such as marketing, design,
material acquisition, production, logistics, operation and maintenance (use),
recovery, reuse, recycling, and disposal. Among these, design is the process in



which most factors of the product life cycle are determined. ‘Design for X’ or DfX
is a design methodology to specifically incorporate issues in subprocess X of the
product life cycle at early design stages (Ishii 1991). The DfX method most
relevant to this paper is design-for-the-environment (Graedel and Allenby 1995).
DfX methods looks at only one aspect in the entire product life cycle at a time. A
typical DfX example is design for assembly. To reduce assembly time snap fits are
often recommended. However, components fixed with snap fits may difficult or
even impossible to disassemble for maintenance or reuse. To improve maintenance
or reuse, better disassemblability is essential and snap fits should often be avoided.
Further, strategic life-cycle design decisions may also involve designers,
consumers, industrialists and government policymakers. These interests are usually
dispersed geographically. The complexity and coupling of interactions often render
ad hoc approaches ineffective. Thus, we need a ‘holistic’ approach for
environmentally-conscious design that appropriately balances interactions between
a diverse range of design characteristics (including economic, performance,
environmental, and social factors).
   In an effort to address the holistic modelling issue we will describe a prototype
system for holistic modelling, called DOME (Distributed Object-based Modelling
and Evaluation), developed by Wallace at MIT's CADlab. Tomiyama and Umeda's
group at the University of Tokyo has also developed another system with similar
goals and functionalities, called Knowledge Intensive Engineering Framework
(KIEF). (Interested readers are invited to refer to (Tomiyama et al. 1996)).

2.2 Product design and product life cycle design

In the previous section, holistic life cycle design was discussed primarily from the
viewpoint of the artifact. An integrated design environment, such as DOME or
KIEF, should allow the product to be understood and improved at an overall system
level, at the level of detailed analysis within a specific domain, or at any level in-
between. This notion is illustrated through the following automobile design
example (Tomiyama et al. 1995).
   Despite their utilities in every aspect of our life, automobiles are regarded a
source of environmental pollution through energy consumption, exhaust gas
emission and solid waste generation. To reduce solid waste after scrapping and
consumption of natural resources for manufacturing, it might be reasonable to
reduce the production volume of automobiles. This implies a lower rate of renewal
or replacement and automobiles should have longer lives. However, since 80% of
energy consumption of an automobile's entire life comes from the operation stage,
it is not wise to allow to operate old automobiles. It is a contradiction to both take
advantage of longer lives (for reducing solid waste and material consumption) and
to replace automobiles as early as possible (for reducing operational energy
consumption). While this presents a pure product design trade-off problem about
automobile durability, it also forces us to have a careful look an automobile’s life
cycle. An automobile can be designed to be upgradable through modular



maintenance that allows replacement of the engine without having to change other
components. In such a case, the automobile can be upgraded to keep up with the
latest technology for energy efficiency while still minimizing the consumption of
natural resources during production. Also, if the automobile can have a longer life
through modular maintenance, it might be sold as a new product every time it is
upgraded. As a result, the concept of new automobiles could be different.
   This example presents meta-level, strategic systems design issues about the
automobile's life cycle that are deeply connected to but different from product
design. Such ‘product life cycle design issues’ address how a product is designed,
produced, operated, maintained, reclaimed, recycled, reused and discarded. In the
modular automobile design for reducing solid waste while minimizing operational
energy consumption product life cycle design should address the following issues.
• Design: Modular design allows upgrading and reconfiguration through modular

maintenance. This requests design considerations on modular architecture,
module interfaces, and their standardization. The concept of series design is
crucial for seamless modular upgrading,

• Production: Production is influenced by modular design as well. Modular
production is becoming common among European automobile manufactures.

• Sales/Operation/Maintenance: A modular automobile could be first sold as a
whole, but its maintenance is carried out by replacing faulty modules. It will be
thus gradually renewed and eventually completely upgraded (Tomiyama et al.
1995). This is different from conventional automobiles based on traditional
component-based maintenance. Modular maintenance impacts sales as well
because, as a whole, it is aims at longer life resulting in fewer sales. To
compensate decrease in sales of ‘new automobiles,’ maintenance must be
appropriately priced.

• Recovery: In case of automobiles, recovery is not difficult although take-back
legislation is now discussed in Europe. This stands in contrast with other
durable goods that require special considerations for recovery. In case of modular
automobiles, recovery should also be done at the time of modular maintenance.

• Recycling/Reuse/Discarding: Who and how are the questions in recycling,
reuse, and discarding.

   Another life cycle factor that impacts product design is sales strategy. If a product
is ‘leased’ to individual customers, rather than ‘sold,’ it prevents throw-away,
disposal strategy and the product is guaranteed to be returned to the manufacturer.
This solves the recovery problem, while it perhaps stimulates more ‘consumption’
by offering lower initial costs. Reuse of returned products in a second-hand market
and quality assurance of those products will become other issues to be addressed.
   Clearly, how we design a product's life cycle impacts product design. In
evaluating different life cycle alternatives, however, traditional LCA methods do
not readily allow for the comparison of such different alternatives. The following
section illustrates a design support tool for modular products based upon life cycle
simulation. The tool employs quantitative simulation, but is approximate to



accommodate for unforeseen factors. We believe such a tool is useful for decision-
makers, including designers, managers, and policymakers, to design the product life
cycle from a holistic point of view.

Figure 1  Screen image of the life cycle model editor.

3 A DESIGN SUPPORT TOOL FOR MODULAR PRODUCTS
THROUGH LIFE CYCLE SIMULATION

3.1 The life cycle simulation tool

This section describes a design support tool for modular products that can simulate
their life cycle (Johansen, Umeda, and Tomiyama 1997). The tool allows designers
to construct a model of product life cycles through a visual user interface and to
execute life cycle simulation with the models. By doing so, the designers can
strategically evaluate a plan of the product's life cycle in early design stages from a
holistic point of view. Figure 1 shows a screen hardcopy of the model editor. Shu
(1996) proposed a similar idea that focused on design for remanufacture
methodologies.

3.2 Simulation models

To demonstrate the tool this section compares a modular product design with that
of traditional, non-modular product considering the amount of waste, material and
energy consumption and product sales. Figure 2 depicts two product life cycles to
be compared. Figure 2(a) shows the traditional product life in which a customer
purchases a product and throws the entire product away (without maintenance) when
the product is broken. In contrast, Figure 2(b) illustrates a modular product life



cycle that is a simplified model of the maintenance-centered life cycle without reuse
and recycling processes. In this life cycle, after purchasing the product, the
customer continues to use the product by maintaining broken modules. However, if
one-time maintenance costs become too high, the customer will replace the product
with a new one.

Figure 2  Product life cycles for simulation.

   Table 1 and Table 2 show conditions of the simulation. As shown in Table 1,
the customer purchases a new traditional product at price, the product breaks down
randomly around its lifetime, and the customer throws this product away which
generates amount of waste into the environment. In contrast, the customer
purchases a new modular product that consists of number of modules at price. Each
module breaks down randomly around its lifetime shown in Table 2 and the
customer carries out maintenance that generates amount of waste per module. The
maintenance cost C the customer pays at a time is calculated by:

C = (Cm + C f )
k
∑ (1)

where k, Cm, and Cf denote the number of modules broken per month, the module
price, and the maintenance fee, respectively. However, if maintenance cost C is too
high, the customer replaces the entire product with a new product. This costs price
of the product and generates amount of waste of the product. This customers'
judgement is represented by maintenance preference Cp (0 ≤ Cp ≤ 1) which is
defined by:

Cp ≥ C/P (2)
where P is price of the product. Namely, if equation (2) is satisfied, the customer
executes maintenance, otherwise he/she buys a new product.



   As a result, there are three major parameters for the modular product life cycle
(number of modules, maintenance fee, and maintenance preference).

Table 1 Conditions of the Life Cycle Simulation

Market Market Size 5000 (products)
Saturation Period 50 (months)

Traditional Product Price 60 (money)
Amount of Waste 30 (waste unit/product)
Lifetime 50 (months)

Modular Product Number of Modules (N) 3, 5, or 10 (modules/product)
Price 60 (money/product)
Amount of Waste 30 (waste unit/product)
Price of Module 60/N (money/module)
Waste per Module 30/N (waste unit/module)
Lifetime See Table 2
Maintenance Fee 3, 4, 6, 8, or 10 (money)
Maintenance Preference 1, 2/3, or 1/2

Table 2 Lifetimes of Modules

No. Modules per Product      Lifetime of Each Module (months)

3      50, 180, 300
5      50, 110, 180, 250, 330
10      50, 80, 110,140, 180, 210, 250, 300, 330, 360

3.3 Simulation results

Table 3 shows typical results of the simulation after 800 months. In this table,
relative sales figure and relative amount of waste denote relative values of the
modular products to those of the traditional life cycle. While the sales figure of the
traditional product is calculated by multiplying number of sold products by price,
the sales figures of the modular products are calculated by adding sum of
maintenance costs to the sales figure of new products. Accumulated number of
products of the modular products should be ideally 5000, if no replacement of
products occurs. MTBF shows the average interval between failures of modules.

 Table 3 Examples of Simulation Results



Case A B C Traditional

Conditions No. of Modules 10 10 5 —
Maintenance Fee 8 3 4 —
Maintenance Preference 1 1 1/2 —

Results Relative Sales Figure 93% 63% 70% 100%
Accumulated No. Products 5386 5000 38733 c.a. 48 000
Relative Amount of Waste 37% 37% 73% 100%
MTBF (months) 27.3 27.1 53.1 54.3

Table 4 Relationships between Parameters and Results

Sales Figure Waste No. of Products Lifetime

No. of Modules × — ? —
Maintenance Fee + + + ×
Maintenance Preference × — — —

  The results of simulation can be interpreted as follows. Case A  shows the
possibility of decreasing production volume while maintaining economic activities.
Its sales figure is almost the same as the traditional product (93%), and the amount
of waste decreases drastically to 37%. Case B shows an “ecological but not
economical” case in which both of the sales figure and amount of waste decreased.
This case might occur if society focuses only on the environmental issues. Lastly,
Case C  is the worst case where the sales figure decreased but the proportional
amount of waste did not. These differences come from replacement needs caused by
the non-linear relationship between maintenance fees, lifetime of modules and
maintenance preferences. Namely, because no replacement occurred in Case B, the
sales figure is smaller than that of Case A . However, in Case C, replacement
occurred so often that the advantages of the modular life-cycle disappeared. Table 4
represents qualitative relationships between variables and results of the simulation.
In this table, +, –, ×, and ? denote qualitatively proportional relation, qualitatively
inverse-proportional relation, no relation, and unknown relation, respectively.
   From these simple simulations we can conclude that a modular life-cycle design
is effective in decreasing production volume, thereby decreasing consumption of
natural resources and waste generation while still maintaining the level of
economic activities. In order to achieve a modular design attention must be paid to:
• The appropriate design of the lifetime of modules: Lifetime should not be so

short that too much waste is produced and should not be too long to keep
enough sales figure.



• The appropriate setting of the maintenance fee for gaining sales figure.
• Avoiding overlaps between lifetimes of modules. For instance, if a product has

three modules of which lifetimes are 30, 60, and 120 months respectively, after
120 months these three modules might become out of order at the same time.
Such a situation causes replacement of products. Shu (1996) also obtained
similar results.

   These issues are largely product design issues, but they significantly impact the
product life cycle. In other words, in designing a product, its life cycle should be
taken into consideration as well.

4 A DESIGN SUPPORT TOOL INTEGRATING MULTIPLE VIEWS

Environmentally-conscious design, combined with traditional design
considerations, is a multiple objective problem. In practice, designers use a wide
variety of specialized methodological and computational support tools. The tools
and data that address different aspects of the design problem, like the design team,
may be distributed over a number of locations. Even with high quality specialized
decision support tools, it may be time consuming and costly to design a product’s
life cycle and the product to meet traditional and environmental goals. Therefore,
one of the key objectives of this project is to develop a framework that facilitates
the rapid construction of integrated product models using numerous specialized
models and tools. It is hoped that such a model will allow the interaction between
different design goals to be understood on an analytical basis and balanced in a
timely manner. A vision for such a distributed but integrated design modelling
environment, called DOME (distributed object-based modelling and evaluation), has
been proposed by researchers in the MIT CADlab (Pahng et al. 1997a, 1997b). The
concept for this design environment is illustrated in Figure 3.
   At the core of this concept is an object-based modelling environment that
mediates the communication between specialized models and regulates the system-
level behaviour of the integrated design problem model. Entities called modules
encapsulate specialized models or analysis capabilities. A module can then provide
services to other modules given its input information requirements are satisfied.
For example, a module containing the gearbox design problem in Figure 3 might
be able to provide services which quantify its expected life and efficiency given
inputs about how it will be used. The services and input requirements form the
interface of a module. An integrated problem model is then created by connecting
the interfaces of the different specialized modules needed to describe the problem. A
preliminary implementation of this framework has been developed and is described
at the MIT CADlab Website (http://cadlab.mit.edu). An application using this
framework to perform the integrated design and analysis of enclosures for consumer
electronics products subject to electromagnetic shielding, thermal, cost, recycling
and energy density characteristics is described in (Jackson and Wallace 1997).



Figure 3  Concept for an integrated design modelling environment. The system
level model (the drill design) is composed of numerous modules corresponding to
different divisions and specializations within the design team. This design model
allows the system-level designers to see how the design is performing from an
overall viewpoint. However, the gearbox division and its models and data might be
located in a different part of the world. The gearbox is, in itself, another complete
design problem. In turn, the gearbox design model might use gears designed and
modelled by yet another manufacturer. The integrated modelling environment will
allow the different models to interact with each other so the implications of detailed
gear design changes can propagate to the gearbox design models. In turn, the
corresponding changes in gearbox performance may reach the system level design
model even though the models, data and designers are distributed in different design
environments. Similarly, changes in system level goals may propagate to the
detailed design divisions.

   Through this collaborative project, it is our goal to link life-cycle modelling
tools, such as the life-cycle model editor, with other design models. A preliminary
effort has linked models developed by MIT and EPFL (Department de Genie
Mecanique directed by Daniel Favrat). The Swiss research group has been
developing mathematical simulations for different technologies used in combined
cycle electricity production. In Switzerland, the mathematical simulations (written
in FORTRAN and run on HP workstations) were converted into modules by
creating special DOME wrappers. At MIT, modules containing the input
parameters needed by the simulations and modules for cost analysis were



constructed (running on a Silicon Graphics workstation). These modules,
exchanging design information via the Internet, form an integrated combined cycle
electric power configuration tool. The tool allows researchers to explore and
optimize various technological alternatives. Given the pre-existing thermodynamic
simulations, the integrated design tool took approximately one day to create using
the framework.

5 CONCLUSIONS

This paper described an in-progress project, titled ‘A Framework for Holistic Life-
Cycle Design: The Integration of Performance, Economic, Manufacturing and
Environmental Measures’, was described. In Section 2, the concept of holistic life
cycle design was proposed. Environmentally-conscious design requires that a
variety of life cycle issues are taken into consideration. These issues need to be
tacked in a holistic manner. A prototype system called DOME, intended integrate
distributed design models and tools, was overviewed in Section 4.
   We also discussed that the design of product life cycles is different from the
design of products and that the two are deeply coupled. Section 3 described a design
support system for modelling, simulating, and evaluating product life cycles. An
example of modular product design was illustrated. The results show the feasibility
of environmentally-conscious design which reduces the consumption of natural
resources while maintaining levels of economic activity. The example also
illustrates that product design significantly impacts product life cycle design,
thereby justifying the concept of holistic product life cycle design.
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