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Design is a complex activity and can be viewed as a solutidmeterogeneous requirements from different
stakeholders including customers, markets, regulatatsreamufacturers. Traditionally, the environment and
society have not been considered as stakeholders. Hovmevenpact of the design activity on the environment
is extensive and often irreversible. Such impact incluéssurce depletion and degradation, soil, water, noise
and air pollution, and increasing energy consumption aedmgrouse gas emissions.

In this paper, we present experimental results on specifcggnconsumption (SEC) in a number of
manufacturing processes. We propose a process model afraldé design and manufacture, the various
components that form this paradigm, and energy efficienciricsebased on our measurement of various
discrete manufacturing processes. Lifecycle analysexgsrefficiency and material innovation and recovery
provide major pathways to enable the transition from bissiraes usual to an environmental and societal cost
inclusive economic system. We survey the potential impathe design of appliances, buildings and ICT
products on the environment.

Keywords: Eco-Design, Sustainable Manufacturing, Design for Snataility.

1. MOTIVATION

The effect of product design on the environment is immensilaaglobal effort towards sustainable
design and manufacture has increased the complexity ofesigri process. According to the Lowell
Centre for Sustainable Production, sustainable productianufacturing is defined as the creation
of goods and services using processes and systems thatrepwihding, conserving of energy and
natural resources, economically viable, safe and healfbfiemployees, communities, consumers
and socially and creatively rewarding for all working pemfil]. Sustainable development consists of
three main pillars namely the people (society), envirorinfelanet) and the economy (profit) [2].

A number of process planning, manufacturability and otl@rstraints are now being analyzed
during product design. The issues of environmental susbéity and global warming have lead to
increased awareness of energy consumption in the prodacydie. The energy consumed in the
entire product lifecycle has become an important desigeran and this paradigm will assume an
ever increasing role during product design in the years hoeco
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Appliances, buildings, and Information and Communicafiechnology (ICT) products are a major
consumer of energy, fueled by the explosive economic groimthhis paper, we provide a survey
of the life-cycle and energy efficiency analysis of variousdqucts and also present some results of
our studies in discrete manufacturing processes. Thetsesfulhese and our ongoing studies can be
utilized in designing sustainable products which can tlemfthe scientific basis for the design of
specific policy initiatives in these sectors.

Manufacturing industries are dominant in their environtaemmpact in areas such as toxic
chemicals, waste, energy, and carbon emissions. Manufagis also a heavy user of water, and there
have been many cases of air, water and soil contaminatioctwiiaive led to such actions as Superfund
cleanups, class actions suits and a variety of other campbailities [3]. Our experimental work has
therefore focused on manufacturing-metal and polymergssiag.

2. SUSTAINABLE DESIGN AND MANUFACTURE

Manufacturing is always thought of as a simple open systdoirich various resources flow in
for conversion and products and wastes flow out. However,cond& take a much more extensive
view of this problem [3]. If we take the systems view of mamtifsing, and track the consequences
of manufacturing and design decisions throughout theeptioduct development cycle, this would
take us through (1) raw materials production, (2) manufaagy (3) the use phase, and finally to
(4) the end-of-life phase. This is a far broader view of mantifring than the one that simply looks at
the consumption, wastes and pollutants occurring at thterfadt has become clear that integrating
manufacturing into a sustainable society requires thedenosystems view [3].

A Process model on sustainable manufacturing has beerogedby researchers at the Center for
the Study of Science and Technology (CSTEP) [4]. In this hadi@wn in Figure 1, the major process
activities are represented. Each of these activities hasmpact on the environment where an impact
can be defined as a material or energy flow in either direcBmme activities such as raw material
mining, energy production, manufacturing, use phase ctexyand others have a direct impact on
the environment. For example, a car has a direct impactglitsruse phase. Some activities such as
the design process and the maintenance and end-of-life) @wllysis have an indirect impact in that
these activities have the potential to substantively #fiedirect impact of other activities. This study
shows that for a completely sustainable manufacturing matehe processes must interact with the
environmentthrough the sustainable infrastructure layery define sustainability analysis to be the set

Sustainable Manufacturing Process Model
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Figure 1. Sustainable Manufacturing Process Model.
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Sustainable Manufacturing Infrastructure: Component View

Sustainable Manufacturing

Infrastructure
(Energy, Materials, Waste)

Figure 2. Sustainable Manufacturing Infrastructure: Componeniwie

of all activities that can reduce the impact of activitiedlomenvironment. Some activities listed under
sustainable analysis are energy efficiency, material arggritow, waste flow, total environmental
impact and their associated technical, economic and otfe@yses. The Sustainable Manufacturing
(SM) Process Model also details the sequence of processtextiur in the life cycle of manufacturing.
The raw material mining and energy production feed the neastufing plant with required inputs.
Inputs also come in from design processes which drive theufaaturing process. The product is also
subject to routine and periodic maintenance analysis chehich may feedback with retrofit activities
that modify or upgrade the plant. When no further retrofits @gemed to be cost effective, then the
end-of-life has been reached and this leads to recyclingties which may partition the material into
those that can used up in a next round of manufacturing arse tthat need to be disposed of in an
environmentally benign manner.

The CSTEP researchers [4] also provided a component vielweoktistainable manufacturing
infrastructure shown in Figure 2. This view represents &lthe stakeholders who comprise the
SM infrastructure. Each of the institutional stakeholdé&sns an aggregation relationship, in
Unified Modeling Language (UML) terminology, with the SM iaktructure. This report states that
sustainability cannot be described as a separate actingtgan be taught, trained, learned or practiced
independent of the target domain. Sustainability has tantegiated into the various activities that
comprise the current economic processes of human endéav®i, sustainability analysis has to
be incorporated into the different components shown in tileir8rastructure model. Each activity
of the SM process model has to perform its entire repertdirsub — activities while treating
sustainability considerations as an additional factois Thay be treated in various formulations by
different components as an optimization function, a hargtaint, a soft constraint, a policy option, a
policy mechanism guideline, a compliance target paraneeterother ways such as a modification of
societal preferences, value systems and demands. Howsyéact remains that in a systems view of
the SM process model, sustainability needs to be urgertgiated into the current set of activities.

3. LIFE-CYCLE ANALYSIS: CASE STUDIES

In this section, we survey some of the life-cycle studiestiage been conducted in appliance, buildings
and ICT sectors.
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Figure 3. Main contributions to the environmental impacts of a PCaystource: Ref. [5].

3.1. Desktop personal computer

A reportexamined the complete life-cycle of a desktop peaiscomputer (PC) [5]. The study takes into
account the complete life cycle of such a device, rangingfnreanufacture (including all steps from
material extraction up to the final assembly of the systers}idution (from production site to the use
site), and functional life span, up to the EoL treatmentl(iding recycling and disposal operations).
Figure 3 shows some of the results of an analysis of the maitribations of the environmental
impacts of a typical PC system [5].

3.2. Buildings sector

A Lifecycle energy analysis study was conducted on builgliieg. It is found that worldwide 30-40%
of all primary energy is used for buildings and they are hekponsible for 40-50% of green house
gas emissions. Therefore sustainable development ofilbhgdds necessary to mitigate the energy
consumption and the GGemissions in the future.

Life Cycle Energy

The system boundaries of this analysis [6] (Figure 4) ineltice energy use of the following phases:
manufacture, use, and demolition. Manufacture phasedeslunanufacturing and transportation of
building materials and technical installations used ic&oa and renovation of the buildings. Operation
phase encompasses all activities related to the use of tldénigs, over its life span. These activities

include maintaining comfort condition inside the buildsng/ater use and powering appliances. Finally,
demolition phase includes destruction of the building aadgportation of dismantled materials to
landfill sites and/or recycling plants. The energy usedvsmgbelow:

Lifecycle energy= Embodied energy + Operating energy + Demolition energy

LCE = EEi + EEr + OE + DE

Where LCE= lifecycle energy, EEi= intial embodied energy, EE recurring embodied energy,
OE = operating energy, DE demolition energy

The analysis of cases found in literature showed that litdecgnergy use of buildings depends on the
operating (80—90%) and embodied (10-20%) energy of thelibgs. Normalized life cycle energy
use of conventional residential buildings falls in the rang 150-400 kWh/rh per year (primary), as
shown in Figure 5, and office buildings in the range of 250-4886/m? per year (primary) [6].
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Figure 4. System boundaries for life cycle energy analySairce: Ref. [6].
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Figure 5. Normalized lifecycle energy for conventional residentiaildings (primary)Source: Ref. [6].

Boundary of the study

Building’s life cycle energy demand can be reduced by reuudis operating energy significantly
through use of passive and active technologies even ifdsléaa slight increase in embodied energy.
However, an excessive use of passive and active featurebuitiding may be counterproductive. It
is further observed that low energy buildings perform bydtian self sufficient building in life cycle
context. Most of the literature studies were done in theifereountries where oil/gas is used for larger
part of the operation phase i.e., for space heating. Howewveon-cold and developing countries like
India, Thailand etc. electricity derived mostly from fddaels (coal) is being used in operation phase
for space cooling, lighting, and other purposes. In addjtonstruction of buildings may involve
usage of indigenous building materials and architectwetiques. Hence, a difference in the total
life cycle energy of the buildings in non-cold developinguntries is expected. For example, life
cycle energy indicative figure for office building for Thaithis coming around 850 kWh/per year
(primary). This is quite high compared to office buildingsold countries. Hence, energy indicative
figures for non cold countries need to be evaluated sepgiéiel
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Figure 6. Change in energy consumption for major applianSearce: Ref. [7].

3.3. Appliances

Policy interventions and technological improvements hiageto substantial reductions in energy
consumption of appliances since 1981, as shown in Figurto@/bleCl Boundary for this study entails
raw material extraction, manufacturing, and use phase fonetional appliance unit. Other phases
such as the transportation phase and the end-of-life plmasgreored in the analysis [7].

The paper has also discussed the importance of remanufectuhich does not include the total
appliance recycling but rather to a part that is integrahtodperation and that can be prone to failure
such as compressors, valves, pumps, or control units. @ase units are repaired and reinstalled, the
appliance has a new life and can last until another compdaésit For new appliances the life cycle
inventory (LCI) includes raw material processingEew), manufacturing (& new), and use (Enew)-
Similarly, for remanufactured appliances the life cyclemy impacts encompass remanufacturing [7].

The use phase dominates by consuming between 88 to 95 pefdéstlife cycle energy of the
appliances; as such, it is critical to consider the use@hmapacts while evaluating the energy savings
potential of appliance remanufacturing [7].

Figure 7 illustrates the retrospective assessment of tia life cycle economic comparison in
dollars (normalized by unit volume) of a newly producedigsrator against 1 generation (one lifetime)
older remanufactured refrigerator from 1994 to 2000. Thelgon the plot represent the year for which
the comparison analysis is conducted (e.g. 2000 refersete¢bnomic comparison analysis in year
2000 between purchasing a new 2000 model refrigerator seesnanufacturing a 1986 refrigerator).
‘REMANUFACTURE’ and ‘BUY NEW’ indicate the optimal decisiofor economic saving for data
points positioned above diving-line and below dividingej respectively [7].
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Figure 7. Comparison of total life cycle economic cost for new and reafactured refrigerator§ource: Ref. [7].
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Single - Phase Three - Phase
Average Average
Types of annual annual
End-uses :?::tf:l?:: Percentage S_td._ ';?:;?:l?:: Percentage S_ld._
h Deviation - Deviation
consumption consumption
(kWh) (kWh)

Lighting (All
bulbs & tube 409.2 26.2 15.4 510 16.7 18.0
lights)
Heating 192 12.3 206 4056 13.3 30.8
Space cooling 422.4 271 61.3 1152 37.8 89.7
Cocking 192 1.2 6.2 78 2.6 13.6
Household
comforts 240 154 16.0 3528 1.6 17.9
Refrigeration 2498 16.0 30.2 510 16.7 378
Water lifting 278 1.8 1.5 39.6 1.3 76
Annual
Electricity 1560.0 100.0 104.2 3048 100.0 136.8
Consumption

Source: Field Survey.

Figure 8. Average annual electricity consumption for different emsks Source: Ref. [8].

Another study shows the average annual electricity consomfor different end users based on
appliance usage in an Indian city and is shown in Figure 8lfBbur view, more studies are needed
to evaluate the energy efficiency in the manufacture andcgelife of appliances and also to provide
inputs to formulate public policy in this important sector.

4. ENERGY EFFICIENCY ANALYSIS IN DISCRETE MANUFACTURING

An appliance, ICT product or building consists of varioustpavhich are manufactured using a
variety of discrete manufacturing processes. We haveethaut energy measurements by installing
meters in each unit and tracking the readings for a varietyydfaulic injection molding (Figure 9),
compression molding, sheet metal processing (Figure 1) eéectro-discharge machining (EDM)
machines (Figure 11). We carried out the process for all thehimes in each department. Due to space
constraints, a summary of the specific energy consumptiB&)&cross different machines is shown.
It is observed that there is a wide band of SEC across diffenachines and across different material
flow rates. We have made the following observations:

1. The SEC tends to rise initially and then stabilizes at selovalue as the total material processed
increases.

2. The SEC tends to be higher for lower flow rates and lower ifghédr flow rates (Figure 11).

3. The SEC values can be used to perform energy estimatiaafimus batch sizes.

4. Across machines, itis observed that some machines haee REC values for a given throughput.
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Figure 9. Injection Molding: SEC of various machines as a functionhwbtighput.
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Figure 10. Sheet Metal processing: SEC Vs Flow Rate.

5. CONCLUSIONS

In this work, we have performed energy consumption and gredffigiency studies on different discrete
manufacturing processes. These studies will be followeslitipmore detailed studies on the life-cycle
energy profile of various products during the manufactyrgggvice life and recycling phases. These
studies will be utilized to form indicators for sustainabkesign and manufacture of products and to

Figure 11. Electro-Discharge Machining: SEC Vs Flow Rate.

provide inputs for policy design in these sectors.
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