Carnegie Mellon University
Research Showcase

Department of Electrical and C t
cpartmeit of Hlectrical and omputet Carnegie Institute of Technology
Engineering

1-1-1994

Product disposal and re-use for portable computer
design

Chris Hendrickson
Carnegie Mellon University

Carnegie Mellon University.Engineering Design Research Center.

Follow this and additional works at: http://repository.cmu.edu/ece

Recommended Citation

Hendrickson, Chris and Carnegie Mellon University. Engineering Design Research Center., "Product disposal and re-use for portable
computer design" (1994). Department of Electrical and Computer Engineering. Paper 188.
http://repository.cmu.edu/ece/188

This Technical Report is brought to you for free and open access by the Carnegie Institute of Technology at Research Showcase. It has been accepted
for inclusion in Department of Electrical and Computer Engineering by an authorized administrator of Research Showcase. For more information,

please contact research-showcase@andrew.cmu.edu.


http://repository.cmu.edu?utm_source=repository.cmu.edu%2Fece%2F188&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.cmu.edu/ece?utm_source=repository.cmu.edu%2Fece%2F188&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.cmu.edu/ece?utm_source=repository.cmu.edu%2Fece%2F188&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.cmu.edu/cit?utm_source=repository.cmu.edu%2Fece%2F188&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.cmu.edu/ece?utm_source=repository.cmu.edu%2Fece%2F188&utm_medium=PDF&utm_campaign=PDFCoverPages
http://repository.cmu.edu/ece/188?utm_source=repository.cmu.edu%2Fece%2F188&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:research-showcase@andrew.cmu.edu

NOTICE WARNING CONCERNING COPYRIGHT RESTRICTIONS:

The copyright law of the United States (title 17, U.S. Code) governs the making

of photocopies or other reproductions of copyrighted material. Any copying of this
document without permission of its author may be prohibited by law.



Product Disposal and Re-use Issues for Portable

Computer Design

C. Hendrickson, L. Lave, F. McMichael, D
Slewiorek, A. Smailagic, T. Wu

EDRC 12-64-94




Product Disposal and ReUseIselesfor Portable Computer Design

by ChrisHendrickson,* Lester Lave,” FranusMchhaeI Danid Siewiorek,*
Asim Smailagic® and Tse-Sung Wu,°

Abstract

Portable computers including laptops, notebooks, sub-
notebooks and potable digital assistants are a rapidly
growing segment of the computer market. Manufacturers of
portable computers have an opportunity to win public piaise
and to avoid censure and liability by embracing green design
and sensible product disposal systems. This paper analyzes
the environmental issues associated with disposal, re-use and
recycling of these machines, focusing on potential design
changes to alleviate environmental .burtfens  Portable
computers can replace larger machines, resulting in lower

energy use and lower overall material demand Since the ~

number of portable computers purchased may be asmany as
100 million over the next decade, environmental concerns
become increasingly important Portable computers use
batteries with ‘toxic components, so there are’disposal or
recycling problems. Ancther significant issue in' assessment
of disposal and recycling processes is the expected life time

of portable computers. Machine design with capability for o
easy upgrade can be expected to have a longer useful life.

The paper usecexperlence ‘gained in several generations of | ‘ bt mam . ok s
wearable corfputé deagns at Carnegie Mdlon Umversty . VORQWNE WP

for illustration..

LIntroduction _

Manufacturers of portable computers have an opportunity to
win public piaise and to avoid censure and liability. During
the next decade, manufacturers are likely to make and sell
over 100 million portable computers. Although portable
machihes don't contaln the same toxic materials as desktop
computers (leaded glass, etc)* they have ther unique
challenges for hedlth and the environment All of these
machines are battery powered, and the batteries generally
contain highly toxic materials. Designers can gain a great

deal by attending now, before the bulk of the machines are
produced®, to making pox(aWe co‘pyuturs greener.  We
consider hoelapt of maIenalwseW re-use) and energy
consumption. -+-|ssués of manufactunng process design,

radlatlon and otherwla um

Thane |s I|kelyto be epr»vc fpwrth |n‘the use of personal
' patt doi Inthlscategory, we

portable digital assigants,

: , enhanced cdllular telephones
‘systems (as in Fig. 1), but we

artude and microprocessors embedded in other
dei'/kf'ep' b many cases, portable computers will have
telec0|wth rtc<|goa"b|ll’\ for digital data exchange and
per sonal coftvenatlons BIS Strategic Decisions
[13] esnmate* a 11903 installed base of 400,000 wireless
equipped L&”pmuh and personal dlgltal assgants, with
growth” to Fr'npon by 1998. -Saks and + Marketing
estimates annual worIdW|de sales of
coqygtto~to be7 milBodin .1991, with
MInc 19]- estimates
' Iof portable;computersmS million, but
' The* arejrfpoctaWeoomputers
“of ptmm1 computers is also
-willli: a 5+ stare i 199Quavmg increased to a

15% W|n 1994 [5] OwafuﬂdecadcbasesatesofS to
7 mflBon « AM growth would resrit to sales of wel over
100 million units. These numbers do not count computers
embedded in p0|table electro-mechanlcal devices such as
-automobﬂea _ By way of companson a 1992 sudy [1]
estlmated a.wadi wide population of 115 million personal
computers, or onefor every 44 persons. In 1990, the number
of worldwide motor vehicleswas 600 million, or one vehicle
for every 9 people, while sales were 48 million. [8] Thus,
the numbers of unit sales for portable computers may be
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roughly comparable’to that of the 1990 computer indusry, °

but smaller than the international motor vehicleindustry.

Figure1l: VuMan H, amodular Wearable
computer with head motinted drsplay iritended for
infof mation and blueprlnt dlsplay fl1]

2. Material Use :

Portable computeis must be light but the sheer number of
machines means that the overall material demand is
consderable.
material composition of some existing poitable computer
configurations. With sales of 10 million units per year (see
above) and uniform purchases among the different types of
devices shown in Table 1, the annual output of poitable
computers would be roughly 25,000 tons per year without

' Laptop Wearable

Wearable Personal
Computer Computer Digital

Assistant

Type  Ddll .Nay_iga_t_or VuMan  HP100LX
WeightOb) 4 0 - 3 07
‘Battery Life _ '
(hry 3 2-4 3 8
Power (W) 24 19 1 NA
WeightOb)! 13" 1 01

~ Battey  NiCAD  NiCAD/ “NiCAD/ NiCAD/
Type _ _ Alk. A|t Alk.

Source: Author'sMeasurementsarid [10].

Tablel: Characterlstlcsof Four
" Portable Computer Types.

Table 1 reports the weight and general

To the extent that lighter portable computers replace larger
machines on a one-to- one basis, then overall material

'requrrements are reduced Portrons of lar ger machines may

also be eliminated; as with the use of external displays and
keyboardsfor portable computers. However, onIyafractron
of portable computers are likely to be replacements for
existing machines; as with the mtrodudron of personal
computers, there will be an overaII mcreasern d|e number of
existing computers.

Excduding batteries, portable computeis have only small
amounts of toxic materials. Unlike personal computers with
leaded glassin CRT displays, toxic materials are limited to
trace dements in plastics, eectronic components and
connections, such aslead-based in solder.

Packaging and wastes during manufacture also impose
material demands associated with portable:computers. For
example, the waste material associated with semiconductor

incuding packaging materials, replacement batteries,  devices used in a typical workstation has been estimated to

manuals or waste during manufacture. be 90 Ibs. for a negligible final product weight [7].
Similarly, the waste material in manufacturing printed wiring
boards and computer assemblies for a workgation was *
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estijjuied to be tun tiroes the figal average weight of 4:lbs
[7]. - Pack*8»g and typical peripherals for poraftge
computess also can harer|gn|f|f|a|tfnmwm| danands die
...packaging, manuals-and whaler for .a Toshiba laptop

computer weighed roughly-30 [b*;or _flrettmeM beweight of .

the portable,. computer. itself. With: »fcs of .10 million uaits
or .rougWy 25,000 tons of portable computer hardware,
wastes and- ptykagtug -might be.over a -billion.-tons. of
material.. .

3. Battery and Energy Use

A digtinguishing feature -of. portable computing is the
importance -of -batteries as .a.power, source. Batteries
- represent roughly 23 % of- the,weight of a-typical laptop
computer (aCompaqg LTE),-13 % ofithe volume, and 6 % of
the material cost of a laptop: mach|J|e[6) Dueto their toxic
content, batteries can have significant environmental impacts
in .manufacture and disposal. They also impose an
environmental burden - due to energy production for
recharging. :

The primary types of - batteries used or considered for
portable computing, are shown in Table 2. This table

includes a theoretical maximum value for specific energy (as

measured in Watt hours.per -kilogram. of battery) and die
actual attained value of specific energy.. The theoretical
maximum value is based on the chemical properties of the
‘-active- battery materials. without -consdering casings or
electrodes, so the theoretlcal maximum is unattainable.
Nevertheless, one can expect improvements in performance

over ‘timey (9] notes that th* energy capacity of the nickel-

cadmium battery used in various Powerbook™ notebooks
increased.20% over afewyears.

Each of the battery types listed in Table 2 have a high
proportion of toxic ‘materials and- represent hazardous
‘materialsdisposal problem, although the relevant regulations
. differ substantially among the different battery types. For
. example, jesg**aKi Daturas arc regricted trom disposal in
municipal solid waste, whereas nickd-cadmium batteries are
routinely discarded by consumers.

There are a variety of factors that would lead a designer to
choose one: battery- type over another, including safety
condderations, the gravimetric and volumetric energy
dendities, the temperature range for operations, the sdf-
dischargerate, etc. Apple Computer emphasizes high cycle
life and long life expectancy in selecting batteries[9] and
employs nickel-cadmium and nickel-metal hydride batteries.

Disposal and recycling of batteries used in - portable

. -Hendricksonetal

Specie EM*8r(Wb/Kf)

CettType

. : . Thegretical. Actual
Lead/Add - 10 - . 40
Seated Le«d/Acid 170 - 50
Nickel/lron 270 50
Nicw/Cadmium 210 - 40
Nickel/Zinc . 350 : 70
Nickel/Hydrogen 360 50 .
Silver/Iran 360 : 50
Zinc/hromine 430 70
Zinc/Chlorine 650, 70
Sodium/Sulphur — 76ft, 140
Utfakm/ o
Chalcogenide 85-1470 90-450
Lithium/
Pdtytner 870 200

Note: specific onesgios 7epored 10 v v rrogang:

Table2: Theoretical and Actual Specific Energies for
VariousBattery Types|[6]

computing can be a significant environmetual problem. With
annual sales of 10 million portable computers, roughly 1S
'million new battery packs would be purchased (since many
customers require a“ backup«battery pack), representing
roughly 7300 tons per year of batteries. Replacement
batteries would also berequired. Phillipset aL [9] estimate
atwo year servicelifein thefield for metal hydride batteries
used in certain types of Macintosh Powerbook™ machines,
with a five year lifetime, two sets of replacement batteries
would be purchased. Thus, battery disposal from portable
computer s might represent roughly 35 million units per year,
or 17,500 tons per year. Whilethis large an.amount of toxic
material is a disposal problem, it represents only a small
fraction of the total volume of battery sales and of US
hazardous waste. The worldwide battéry market isroughly 3
billion units, so portable computing might represent only 1 %
of thetotal. Nevertheless, a waste sream of 17300 tons of
toxic material per year in a single location would trigger
close monitoring under the federal clean air act (10
tonslyear) and Superfund Amendments and Reauthorization
Act (5 tongyear) regulations the dispersed disposal
associated with batteries could easily be more harmful to the
environment than a single toxic discharge source considered
bytheseregulations.

March 1,1994




Disposal . of batteries cm be costly, depending upon die-
applicable regulations and collection mode. Municipal solid" --

waste s&ii torlandfills costsroughly $ 100 per ton, including -
collection -and tipping fees{3]: : Due to small volumes (with
consequent  higher collection fees) and more sringent
regulation/special collections far household hazar dous waste
cost asmuch as$ 10,000 per ton. Currently, bulk digposal of -

rechargeable batteries costs the Department- of ‘Defense-$ -

2,000 per ton. Reurning individual batteries to the
manufacturer might cost S 2 per pound in shipping and
handling plus a bulk disposal fee, so the cost per toil would
be S 5,000. With 17,500 tons of toxic material, disposal
costs would be somewhere between $ 2 million (with.
disposal as municipal solid waste), $ 70: million (with,
product return and bulk disposal) and S 175 million (with
treatment as household hazardous waste and- special
collection).

The scale of toxic materials associated with portable
computing suggests that some form of recycling or
regulation is desirable. ¥Some -companies already take back
batteries and recycling operationsexist Thetipping fee at a
municipal solid waste landfill is typically S 35 per ton, [31.

In 1992, a recycler of-nicke-cadmium batteries (Inmetco,

Ellwood City, PA) charged S 460 per ton to take discarded .
batteries. Tipping fees at hazardols waste landfills are
comparable. -

While we focus here on product resuseand discard issues, it

isworth noting that battery;usealso-repr&eentsenvironmentai
costs in manufacture and indirectly through- demands for
recharging electricity: Portable computer designers should
* be (and are) given significant incentives to reduce electric{al
demand-. Programs such as the.Energy Star certification
process suggest that low power technology may play -a
significant rolein the personal computer market aswell.

4. Design for Disassembly and Re-Use
Much of die knowlédge aready
environmentally conscious electronic design can and should”
be directly applied to the design of portable computers [4,7].
For example, snap fits, eiminating metal inserts and
redricting die different types of plastic used can make
assembly, disassembly, maintenanceand re-use easier.

Figure 2 illustratesthedisassembly tree for the central unit of
the VuMan |1 wearable computer. For this machine, parts
areheld together by snap fitsthat can bereadily separated.

While designs having easier disassembly may have multiple
benefits, other design decisions may make recycling more

Hendricksonetal

“requirements mu& ' "be made. -

available for ~

-difficult Composites may be introduced for extra strength

and: lightness;’ biit composite materiah of multiple material

-ty'peétypk"yrtiAc'nxycIing-irore difficult - Deposition of
* circuits may:feduce weight and assembly cost, but can make
‘removal: of tract metal elementsdifficult Asin many design

“tradeoffs ~ different - functional
Nevertheléss; explicit
‘congideration - of recycling ‘opportunities may improve
decision making. Various kinds of computer aids may be
useful in thisregard[2]. :

probléms, ‘between

5. Desi&i for-Longevity.

Will design of portable computer's for greater longevity yield
sgnificant enviroimental benefits? By“extending:the life of
portable compitérs, the demand for ‘input materials and
dlspodl |scorr$pond|ngly reduced.

Greater longevity could be achieved by a variety of design
changes, such as explicit condderation. of operational
stresses and repair possibilities.  In the rapidly evolving
technology of portable computing, however, a crucial issue
in extending the effectivelife of devicesisto insure an easy
means of upgrading devices for new software and chip
generations. For example, pottable computers can be
designed with diepossibility for new flash card insertsor cpu
chip replacement in asimilar fashion to desktop machines.

Explicit design for -longevity and upgrade: paths may make
good economic sense. There may be more profit potential in

" ‘marketing new software and card-inserts while sdlling the
- badic portable computing box at areative low price. Thisis

the grategy which has proven successful for razorblades and .
the video game marketplace, and it is beginning to appeer in
the desktop machinemar ket

Theenvironmental gains from increased longevity sem from
reduced material use and manufacturing processwaste. The
material used in actual machinesisréatively small, whereas
savings in manufacturing -wastes and packagmg could be

“aubstantial as noted above.

Battery use might decrease dightly (éince fewer machines

- would bediscarded with remaining-battery:life), but decrease

in ‘demand for batteries in new machines would be largely
offset by demand for replacement batteries.

6. Pollcy Implications

our anafyss of environmental effects associated with
portable compuiters has led to the foIIowmg coiiclusions for
policy implications:

" “March 1,1994 -
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1. Manufacturing and packaging waste streams may be
substantial and could be reduced by increasing the
effective life of machines and process changes in the
manufacturing industry.

2. Given ‘the possibility of uncontrolled disposal of

batteries, corporate programs including incentives for
safe disposal of batteries may be good investments.
Retailers might voluntarily accept batteries back for
recycling or make prepaid mailers available to
cusomers. We estimate a cost of $ 5,000 per ion of
batteries for such a program. Voluntary agreements
of this type are common in Western Europe and are
becoming more prevalent in the US.

3. Battery recycling requirements are likely. Without

action on the part of sysem manufacturers, we
predict that some form of regulation in this regard
will be imposed ether piecemeal (which may be
quite expengive to companies and consumers) or
through international agreement

4. Product takeback may also be a desirable srategy for

manufacturers to pursue. Material weights of actual
products are relatively small, so collection costs are
also small. Concentrating products may be sufficient
to allow cogst effectiverecycling efforts.

S.Use of portable computers may have indirect

environmental benefits, such as reducing travel and
consequent demands on materials and energy. The
low power technology developed initially for portable
computers offers a good modd for larger, more
power intensive applications.
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