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160 Chapter 11 Design for Environment and Sustainability: Buildings and Infrastructure .

i i 3 building dusigns—one in the American |
: the engineer in charge of we office & o .
e ;’::ﬂ?\r\::sll “‘-thi there is very little rain and hot luz‘mpcmluru- for n:luf:;n‘:::h:zhit]‘:ngcsl
one in British Columbis, where it is frcqlfcmly rainy _nml I'nggf. .nr 4 il bomas
season, is guite cold. How good is the guidance prl)\'lﬂ'(;‘d by the LEED g
rds i ' d you make this better? GIE
sundards in cach case? How coul ) . 1S el o |
117 ldentify ond review i local building project. Evaluate it from the DIES principy _.
Table 11.2. o o o
Y ivil engineering constructinn firm, which prides itsell on dcs.l_gmnlg lnml. ‘::Lli:mE |7 CHAPTER
1.8 u(:::n‘;:mhlc infrastructure.” is given 1wo projects bya locxfl aly. One |:|y: :tl.isur.‘:)wu '1?1'1 p
n:ile of old water pipe in the center of a downtown husmcss| ul:q n.:l qj’fon e ;mm: ]
ildi : ‘ nity that,inan e 1
i building 2 water systcm [oF a new commu !
:fzi?;:ﬂ;;:: l‘:ﬁinlvcs cﬁnslructian of & town center with closely spaced 1own homes
ttl::)mm::ll clements of materials selection and design constitute “gustninable” choices for
7
«nch project, and how do they differ? ; ' et
[0} ::s legd 1]lesign engineer, you note that you are sen:;usly cx:in:;rzafnl;(; :: ::;:—pal
i j isting design ond opera ;
inc replacement project by the exis ; A
?v:l:tccr s|;rstcm. Hlow might this !cnd you to rrl:lhl:ll; z'::::i r;::vl:fs;fr:v b communig)
ssign a very energy cificient water Inlraste LI "
© ::Il;('lj:;s llni told l:;{r the city that your initial costs are Iuo.,hlgh; How do you respond,
esponse’?
at data would you use 10 SUpporL your respo ) e ;
() Ill‘r::)lr: lr‘mn.iing enginecring journals, you are increasingly ::watn_, |_:|ll' lll{(; ‘llr:.:;.lr 'l:t;ul::ﬂd
intelligemt™ ' e “smart grid” for electnicty.
wintellisent™ infrastructure, such as the ™ _ 9  heretr
rupnsi 1o the city that it construct an “imtelligent water mh:n_struclqnl.] : ;:ch © 1 B THE CONCEPT OF THE LIFE CYCLE
E:cw community. What sorts of information systems and functions mig .
A ; ; I
intelfipent water infrastructure include?
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An Introduction to Life Cycle
Assessment

e

The environmentally related activities of the 1970s and 1980s'‘focused on the
manufacturing facility and its emissions, This was a necessary concentration of effort,
but it ignared some other obvious effects of its operations--the use of resources mined
and processed elsewhere, the crention of products: that may: have environmental
_ ; impacts when used, and so forth. In the 19905, the scope of interest was enlarged to
consider the entire life cycle of products and their associated flows ‘and’ impacis, as

i
o T e

: -I{ sketched in Figure 12.1.
: i The components of a product life cycle can be defined in various ways depending
¢ 3 on the goals and level of detail desired, but the four numbered stages in Figure 12.1 are
i; typical: (1) acquisition and processing of the necessary resources, (2) monufacture,
; (3) use, and (4) reusefrecycling/disposal. The generation of reusable discards in manu-
E facturing stimulates a “prompt scrap” subcycle ns well (upper right:on' the diagram).
q r

Resources, either from primary (“virgin™) or secondary (recycled) sources, are
required to a greater or lesser degree al o number of points in the cycle, and emissions
occur al a number of points as well.

The goal of life cycle assessment (LCA) is 1o quantify or otherwise characterize
all of these material flows, to specify their potential environmental impacts, and to
consider alternative approaches that can change those impacts for the better. The

pr_oducl cycle itself and the LCA thal studies it ore complex, but LCAs have become
widely practiced, and many gains have been made as a result.

oo P . T - BT SN



162 Chapter12  An Intraduction to Life Cycle Assessment
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s i resent cnetgy and material flows,,
i i file cycle of a product. Solid arrows represen N
Arcpzm:;‘:;ua:xlftgiz?:::niiog {Adapicd from G. Rebitzer, et al., LI[E cyele nssess:l-r:c:n art I
:rnz'r::cw:lk goal andl scope definition, inventory analysis, and applications, Envir

30,701-720,2004.)

12.2 - THE LCA FRAMEWORK

The formal structure of LCA has been delineated by the International Standa s
c }

il 'Ul!‘ nd e f’l i
zation; N s ba'.ilc [0"" it conlams tll"-c Slﬂgﬂb. 5 und scope d [l
Olg Wt N

L is pictured in F 12.2. First, the?
inventory analysis, and impeact analysis, The concept is pictured in Figure 1

oal and scope of the LCA are defined. An invenlory annlysns and an impaect ana
BO: H o

Goal and scope
definition
E=4
=
g Figure 12.2 il
ey E Phases in the life cycle assessment of a lcchnolngm Poi
i £ The arrows indicate the basic flow or. |:'|lormalmn. e
- stage, resulls are interpreted, thus providing the poss:
revising the environmental attributes of the activity :
assessed. (Adapted from Infemationat Standards Organ
amlmpncl Envi : I Monag Life-Cycle Assessment,
ment mid Fromework, Geneva, 1997.)
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122 The LCA Framework 163
are then performed. The imterpremtion of results that follows these three steps puides
an analysis of potential improvements (which mity feed back to influence any of the
slages, so that the entire process is iterative).

There is perhaps no more critical step in beginning an LCA evaluation than o

define as precisely as possible the questions to be answered (the goal) followed by choos-
ing the evaluation's scope: what materials, processes, or products are to be considered,
and how broadly will aliernatives be defined? Consider, for example, the question of
releases of chlorinated solvents during a typical dry-cleaning process. The purpose of the
analysis is to reduce environmental impacts, The scope of the analysis, however, must he
defined clearly. If it is Wimited, the scope might encompass only good housckeeping
techniques, end-ol-pipe controls, administrative procedures, and process changes. Alier-
nalive maderials—in this case, solvents. -might be considered as well, If, however, the
scope is defined broadly, it could include alternative service options: Some data indicate
that a substantial number of items are sent to dry-cleaning establishments oot for clean.
ing per se but simply for pressing, Accordingly, affering an independent pressing service
might reduce emissions considerably. Onc could also tnke a systems view of the problem:
Gitven what we know about polymers and fibers, why are clothing matetials and designs
that require the use of chlorinatod solvents for cleaning still being provided? Among the
considerations that would influence the choice of scope in cases such as the above are:
() who is sponsoring and who is performing the analysis, and how much control they can
exercise over the implementation of aptions; (b) what resources are available to conduct
the study; and (c) what is the most limited scope of analysis that still provides for
adequate consideration of the systems aspects of the problem.

The resources that can be applied to the analysis should also be assessed. Most
traditional LCA methodologies provide the potential for essentially open-ended data
collection and, therefore, virtually unlimited expenditure of ellort. As a peneral rule,
the depth of analysis should be keyed (o the degrees of freedom available 10 make
meaningful choices among options, and to the importance of the environmental or
technological issues leading to the evaluation. For cxample, on analysis of using differ-
enl plastics in the body of a currently marketed portable disk player would probably
nol require a complex analysis, because the constraints imposed by the existing design
and its market niche make the options available to a designer quite limited. On the
other hand, a government regulatory organizition contemplating limitations on n
material used in iarge amounts in numerous and diverse manufacturing applications
would want to conduct a fairly comprehensive antalysis, because the degrees of free-
dom involved in finding substitutes could be quite numerous and the environmenial
impacts of substitutes could be significant.

The second component of LCA, inventory analysis (sometimes termed “LCT™), is
by far the best developed. It uses quantitative data to cstablish the levels and types of
energy and materials used throughowt the lifetime of a product, process, or syslem, and
the environmental releases that resuit. The approach is based on the idea of a family of

imaterials budgets, in which the analyst measures the inputs and outputs of encrgy and
resources The assessmeant is done over the emtire Jife cycle. The products of this activity
are a comprehensive flow diggram of the nanufacluring process (often involving

‘supplicrs and sometimes indusirial customers), und a list (by mass) of resources used and

of emissions to air, waler, and soil, all detailed by mass flow and chemical speciation,
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is, i 05 relati s of th

‘The third stage in LCA, the impact analysis, involves rcla‘tmg :!u: t()lutgutllsl.co‘l; m:i‘i
sysiem to environmental impacts, or, al least to the stresses being p .1::el. o 1 the snvt
-rz;-nmcnl by the outputs. Aspects of this difficult and polentially conteatiou p

iscussed in the next chapter. ) . ‘ '

dlﬁcﬂ&:;;-‘l; interpretation of results phase is where the findings from one or mare of the
three stages

i i iviti i cmplated.
ronmental impacts as o result of industrial activities being pcr[om:ed (::;] cg::urs[;n ok
[t follows ideally from the completion of stages one through _1hn.e; a I o |
forms: Design for Environment and Sustainability (the proactive activitics o ussed in Sy
Cllupt.ers 10 nnd 11) and Pollution Prevention (the “best current practice”™
discussed in Chapter 8).

GOAL SETTING AND SCOPE DETERMINATION

A common LCA goal is 10 derive in[ormmiu_n on ho\\: to :mprcl\lr:: cg::r:‘)::;l;gt?;_!l
formance. If the exercise is conducted early in lh_c dti:sngn phasc, 207 nay be o
per r{; two or three allernative designs. If the design is finalized, or the pro u[tl:I p :n. §
::::u?:[.nclure,or the process is in operation, the g_oal can pml_mbly lhe n':t) m':s'-lrcmi!l .r:n :’: :
achieve modest changes in environmental atiributes nt minimal cost %
3 . :
isruption 1o existing practice. o \
dusrur;:l is possible, ll%()[:lgh not nunr!y so commion, {or nn'l:'(;[}]\li:.:g;: l:o lt:ﬁm:?ﬂr:}g é
ambitious than the cvaluation of n single product or [‘ll’?CLSh.[ -cmi;c {ﬂc““y ; mrpog.?
evaluation of an organization of some sort: the operution o m::h e e foly nmf]-*:
ration, for example, oF of an catire guvcmmenfnl entity. In 5|L|'- o, s ‘;rg‘mim“nns‘ o
alternative operational approaches can be sludn.:d, but n'm :;_ é.;n"iewpo_ml i
addition, nn organization that mikes a logical entity from an " T e a8
.morc than one implementer (an enfire supp!y chain, for cfnn‘\][') L): [.:c; 5 :;cem live £ o
setting may be required. Ifa poal can hc_quannﬁcd,such s ‘?cl mv(;.“w r!:);.u“ o e |
in overall environmental impact,” it is likely to be more us:t, U Inn‘ e e oa |
evaluated than with qualitative poals. Qun_nu!'lcatmn of lhulﬁ(:n. rt(.]c:] e gnly " !‘.;
each nssessment step, however, and quantitntive goals Sh'o‘uhl \ b idop :
certnin that adequate data and assessment tools nre :w:ul.lh l_f..h A by asking 5 numbB] - 5
The scope of the assessment (1} pcrhupe? 'I?Sst estn '|;S|L- i :ru“q g o s _H!
auestions: *Why is the study being cunduclc(!.’ How will the rL.d 5 '(l?"“\\.lhul "
\irill use them!" “Do specific enviromnental issucs need 1o h‘f atl !’LS!:L d T |
of dcl-nil will be needed?™ It is useful lo recognize that LCA isan ilermtive pr i

2y

) X A1l
are used to draw conclusions and develop rccomrrl_e_ndxl(tlons.d?cl;.no:l;):;l il
from this activity is often the explication of needs and opportunitics lor re g |

w.:m-;‘.-_-.*“rj-ﬁ:ﬁi-m:.‘.v T

e Ll e

that the scope may need to be revisited as the LCA proceeds. *

DEFINING BOUNDARIES

. . anlfy
‘The potentinl complexity of comprehensive LCAsis n?r\lvhm hcl:;.:" r:l;u;;?:&lallhi i
the problem of defining the boundaries of the sfudy. u:::: ulrt‘r g g e
for discussion in this regard, and no consensus on !he s v y A 0?
discussion that follows explores o numhc.r of these issues a0 L(:CoA
general recommendations concerning choices of boundaries in :

k
1.
i
&
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12.4.1 Llevel of Detail Boundaries

How much detail should be included in an LCA? An analyst [requently needs to decide
whether effort should be expended to characterize the environmental impacis of trace
constituents such as minor additives in a plastic formulation or small brass components
in a large steel assembly. With some modern technological products containing hundreds
of materials and thousands of parts, this is far from a trivial decision. One way it is some-
times npproached is by the 5 percent rude: Il a material or component comprises less than
5 percent by weight of the product, it is neglected in the LCA. A common amendment o

this rule is to include sny component with particularly severe environmenta! impacts. For
example, the lead-acid battery in an automobile weighs less than 5 percent of the vehicle,
but the toxicity of lead makes the batiery’s inclusion reasonable. Polential items for
inclusion in this way could be ozone-depleting fire suppressants or radioactive materials

12.4.2 The Natural Ecosystem Boundary

A natural ecosystem issue that arises when clhioosing LCA boundaries is that of biolog-
ical degradastion. When industrial materials are discarded, as into a landfill, biodegra-
dation produces such outflows ns methane [rom  paper, chlorofluorocarbons from
blown foam packaging, and mobilized copper, iron, and zinc from bulk metals. LCA
approaches to these complications have included incorporating these flows in the
inventory, excluding landfill outilows completely, or including those flows for a specific
time period only. Flows from landfills are generally difficult to estimate, so one is faced
with o trade-off between comprehensiveness and tractability.

A second example of the nauraVindustrial boundary-issue is the process of
making paper from wood biomass, s shown in Figure 12.3. Here the assessor has
several possible levels of inventory detail 1o choose from. The basic analysis is essen-
tially a restriction of the inventory to life siage 2. The cnergy envelope incorporates
some of the external flows related 1o the production of energy. The extended envelope
E includes all life cycle stages and flows directly connected with the industrial sysiem.
4: ‘The comprehensive envelope adds the natural processes of biomass formation and the
i
1

degradation of materinls in a landfill. None of these options is inherently correct or

incorrect, but the choice that is made could determine the amount of effort required
for the LCA, as well as the results that emerge.

11243 Boundaries in Space and Time

A charucteristic of environmental impacts is that their effects can occur over a very
wide range of spatial and temporal scales. The emission of large soot particles nffects a
local urea, those of oxides of nitrogen generate acid rain over hundreds of kilomelters,
and those of carbon dioxide influence the planetary energy budget. Similarly, emissions
causing photochemical smog have a temporal influence of only a day or two, the dis-
ruption of an ecosystem severnl decades, and the stimulation of global climate change
severnl centuries. LCA boundaries may be placed at short times and small distances,
long times and planetary distances, or somewhere in between. The choice of any of

‘these boundary optians in space and time may be appropriate depending on the scope
of the LCA.
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!—-_Cumprc:l::nsivc @-» Woad biomass | ep .
| :,::f::dz-cl @—— ""ml"""n 12.4.4 Choosing Boundaries
envelope ¥ It should be appisrent that the choice of LCA boundaries can have enormous tnfly-
" ence on the timescale, cost, results, meaningfulness, and tractability of the LCA. The
| fHarvest A best guidance that can be given is that the boundarics should be consistent with the
E B e goals of the exercise. An LCA for g portable md?o would be unlikely 10 have geals
Fossil fucl - Energy o dwoond/iibr | that encompass impacts related 1o energy cxlrncnon._for example, both beewuse (he
| extrnction E"V':'_"_Pf_ ________ . ] product is not larpe and because ils energy impacis will doubtless be very modest. A
sw [ . b national study focusing on flows of a patticular raw matcrial might have a much more
Loy Sawmillrchipmin [ b comprehensive goal, however, and boundaries would be drawn more broadly. The
| (Fi) EE i : E0als of the LCA thus define much of the LCA scope, as well as the depth of the
! i ¢ inventory and impact analyses,
]
| ] Rkl fixicenal cnergy -';;’F"“ Sawus :
| E T : frvelope S T 125 APPROACHES TO DATA ACQUISITICN
) [ H .
i T Efcnical % E @ : i Once the scope of the LCA has been established, the analyst proceeds o the acquisition
Nuclear == = ety W G of the necessary dato. Data acquisition for & producl is begun by constructing, in coopern-
Hydro ‘ GwW) FFOH ) ) E tion with the design and manulacturing team, a detailed manufncturing flow diagram. The
il ' BE - lulp “::i’:""c : i aim is to list, at lepst qualitatively but preferably quantitatively, all inputs and outputs of
) CE - pruees : .F lrfnlcrinls and energy throughout all life stapes, Figl{re 8.4_ showed an ex:.lmplc of s_uch i
GEXCon 5 ' i diagran for the manufacture of o desktop telephonc in which the housing is molded in (he
i t HR " plant from precolored resin: the eleetronics hoards are constructed from components
Biomass: == W1 ) : CP Pulp L gy Market i furnished by suppliers; and those parls and others (microphone, electronic Jacks, batteries,
: — T Pulp ’ ) - -
(sw) 5 E 3 cte) are assembled into the fing) product. The diagram indicates g number of material
IT : i and encrgy by-products (the latter being mostly unused heat). Once the inventory flow
EL ? saper mil : i diagram is constructed, in as much detail as possible, the actual inventory analysis cun
Ci ) i & begin,
: WO . H | 1 Some of the information needed for an inventory analysis is straightforward,
[T Toxieenal cnergy - e o 5 such as the amounts of specific matcrials needed for a given design or the smoun of
1 — 7 o cooling waler needed by a particular manufacturing process, Quantitative data
2 Converting i 1 obviously have advantages: They are widely utilized jn high-lcchnology cultures;
[Chemicals g they offer powerful means of manipulating and ordering datn; and they simplify
T choosing among options. However, the state of information in the environmental
=N ——ai— sciences may not permil the sound quantificatjon of environmental and social
5 __!‘ impacts beeavse of fundamental dala and methodological deficiencies. The result of
TEGEND | lnnppmprmlc qu:.mllﬁc:nlmn might be that lllgsc concerns lh.al_cnnnol bc_qunnlrl'u:-d
{\vlé {\\;;1:'::::::::“5 Il®—_-—_‘_ :}](:ull-dc i{n.l:[(;l:c:;llgnnud-—lllcr(.hy undercutting the systemic approach inherent in
SW Salid waste | (EE) Waste
El;: E‘I’::ln[:; energy H @ managesment
BE Biomass encrgy I _____ | )
W Water | bfe—e—— . 4 - CaseStudy 1: The Upscale Automobile
CH  Chemicals 1 | !

R Recycled fiber

: 1 35 the praduct itself. What is it made of? How much of each material does it contain?
| . Af f
Flg‘:"e I.Z:I ntitative inventory fow diagram for the manufacture of paper. l‘nul:' : the Qrodur:t is assembled from CO"'IPOHFH[S upplied by e '
;:vf:l':.::'ﬁp(n:li‘l:‘;c detail are shown. (Adapted from a diapram provided by Marti
Hacking, University of British Columbia.)
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Figure 12.4

“The matesial conypasition of the Mercedes.fienz G-cluss sedan. (M. Finkheiner, et al., Application of
life cycle assessment for the envitonmental centificate of the Mercedes-Benz S-cluss, lntersational
Journal of Life Cycle Assessment, 11, 241246, 2006.}

An example of a material assessment is shown in Figure 12.4 for the Mercedes-Benz! -
S.class sedan. About half the weight is seen to be iron and steel, and another 16 percent|
in a variety of light metal alloys. Nonferrous metals are largely zinc anticorrosion ¥
coatings, amounting to 2-3 percent of the weight. Polymers constitute some 19 percent;, =
of this quantity, more than two-thirds is made up of thermoplastics, which have a high
recycling potential. i

This straightforward diagram by itsetf provides significant input to the product:
design team. 1f similar information is available with each new design, itis possible to trad
transitions to new mixes of metals and plastics, and the level of diversity of materials within®

the products of a carporation.

e

-

q

Case Study 2: The 1.7 Kilogram Microchip-

The microchips that are at the heart of modern electronics are small, as are their po_W'_‘
requirements. This would suggest that their environmental impacts are small as well, but:
such is not necessarily the case when the full life cycle is considered. Microchips are
iormed on silicon wafers, and the water used in processing must be very pure. The su‘h_s}
quent fabrication of the transistors and other components on the chip require a iaf
suite of chemicals and frequent deposition, etching, and washing stages, all involitd
substantial material and energy flows (Figure 12.5a). Once manufactured, ‘the €
consumes energy when it is used, but even over a four-year life its energy requiremefl

E

are only half those used in its manufacture {Figure 12.5b}. %
i

Microchips have been regarded as praiseworthy examples of demauarializ_atiFi
which a function {computing, in this case) is performed by a product comprising rec
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Life q.'clc inventory informntion for o 32 MB D
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(1)) _IE.D. Williams, et al., The 1.7 kg
produciion of semiconductor devices,

Enviromnental Science & Technolagy, 36, 5504-5410, 2002 )
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amounts of material. The LCA results of Figure 12.5a indicate that this impression is 1 Virgin
incomplete at best and that, if all the materials used in its manufacture were added up, the i ir ink
micrachip would “weigh” 1.7 kgt As the researchers state: mincreasingly complex products Aol
require additional secondary materials and energy to realize their lower entropy form.” This exteaction

is an insight that would not have made itself known without a life cycle inventory analysis.

prsKcessing

material

®J§ @ Type A

______ corportion:
materials
Prowesser

1n order to maximize efficiency and innovation and avoid prejudgment of norma-
tive issues, an LCA information system should be nonprescriptive. It should provide
information that can be used by individual designers and decision makers given the
particular constraints and opportunities they face, but should not, at early stages of the
unalysis, arbitrarily exclude possible design options. In some cascs, ihe use of highly toxic
materials might be a legitimate design choice—and an environmentally preferable’ i
choice from among the alternatives— wherc the process designer can ndopl appropriate 00 e 5 I @
engineering controls. In others, a process choice involving the usc of subslantial amounts:
of lead might require only maodest nmounts of energy use and thus be responsible for! materials
modest amounts of COz emissions, The aliernative might be less kead, mote enerpy use, processing |
and more CO; emissions. I the toxic lead can be well contained, the first oplion may be, . Component
preferable. Designing products and processes inherently requires balancing such consid- | * manufacture
crotions and constraints, and the necessary trade-offs can only be madc ona case-by-case! gt
basis during the product realization process.

In the ideal case, LCA data at different hicrarchical levels should be mathemati-
cally additive; for example, LCA information for copper wire could be combined witht
hat for PVC plastic 1o get an LCA result for plastic-insulated capper wire. In practice,;
however, differences in scope, timescale, and 50 on generally require that cvery LCA, %
stand alone. This obvious deficiency in the methodology cmphasizes that LCAs are;
works in progress and not finished tools. j

LCA information should provide not only relevant data but, if possibic, also the
degree of unccrtainty associated with that data This approach is particularly important
in the environmental area, where uncertainty, especiaily about visks, potential cosis
and potential natural sysiem responses 1o conissions of various types, is endemic. Oftent
the relatively simple ordinal indicators—"high reliability,” “moderale reliability,” and

“low reliability” —will be of substantinl use to those actually making design decis 1 Intermedinte
; | materials
| - precessing

i g ,

: 12.6  THE LIFE CYCLE OF INDUSTRIAL PRODUCTS pEE 0 - - L
3 ’ '

The life-stage outline nssumes that 2 corparntion is manufacturing a final product {188 ! E;:’“'}L‘:‘::E"
shipment and sale directly 10 a customer. Often, however, a corporation’s products | Refurhish I

intermediates — process chemicals, steel screws, brake syslcms-—mmlc for salc to. i T e
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incorporation in the products of another firm. How docs that concept apply in, thee
circumstances? [ Discard
Picture the detailed process of manufncture as shown in Figure 12.6. Three differed ;
r types of manufacture are illustrnted: {A) the production of intetmediate malcrials fraf
| raw materials (e.g., plastic pellets from petroleum feedstock or volls of paper from b2 | | § Figure 12.6
recycled mixed paper), {B) the production of components from intermediate malek k3
(c.g., snap fasteners from stecl stock or colored fabric from cotton),and (C) the procts 1 f

@ ®

“The imerrclationships of product life st i eSSy
s stages for corporations of T i
B {componem manulacturers), and Type C (final ;l;:)dncl mn(;uf.?lﬂlcl*::c:;mcmh " Al
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of intermediate matetials {e.g, cotion fabric) |I)E' the ::ssembl‘):ro ?Jcrg)oc;r:(:’e T{:::za.:l;
i ings) i al products (e.g., shirls oF Wape re N
(e P e ﬁ“"l v ing 1enm virtually has total control over
is in which the d manufucturing leam virtually v
Type C is one in which the design an ; Lot Lol
1 life stnges except Stage 1: Premanufuciure. For a com e
::lrlepni;)'(l];l;c tl\ or B.gthc perspective changes for sume life singes, bul not for others:

ion is the nctual materials extracto
Stage 1, Premumifuciure. Unlessa Type A corporation is the actual materials extractor,

the concept of this life stage is identical for corporations of Types A, I, and C. 3z

Stage 2, Munufacture. The concepl of this life stage is identical for corporations of
es A, B,and C. . . .
I‘?:Lc 3, Product Delivery. The concept of this life stage 15 identicnl for corporalions

of A,B,and C. .
Sn:;,?:ep:sl’mduct Use, For Type A corporations, product use is eascl_llmlly ?10““:?1??1 |
by the "I*ypc B or C receiving corporation, though product properties such as mler

medinte materinls purity or composition can influence suc_h rnclfmf as lzh[::losd:;: _.:
manufacture and residue generation. FFor Type B corporations, their pr

sometimes have dircet influence on the in-use stage of the 'I}fpe C cor};ora;gg:l:innl
product, as with energy use by cooling fans or lubneant rcqmrct_nents i d‘gs- :
Stage 5, Refurbishment, Recycling, or Dispu_sui. The properties Dl: lr:l:.lrmco:::i_
mnlcriails manufactured by Type A corporations can often determine the p g

tial for recyclability of the final product. For example, n number of plastics are,

now formulated with the goal of oplimizing recyclability. For Type B corpora-

tions, the npproach lo ihe fifth life stage depends on the complexily of the com- =

ponent being manufactured. If it can be termed a compotncnll.sui:;’ :1: ;::;ag::;ﬁ;:ﬁ ]
i iversi its materials and its structural comple %
the quantity and diversity of ils ma ural complextyy cec il
i i e ¢ s (such as an electronic circuil boar ap)
review. If it can be termed a module (suc prd made
5 » copcerns are the same as those for » manuiac i
of many cumponcms)..lht. concerns are tl i T
final product ease of disassembly, potential for refurbishment, i
: . o8
Thus, Type A and B corporations can and should deal with LCAs of l!ICll‘ prcu.ll::ts-I 8
much us should Type C corporations. The considerations of tllclfl'irst lhmil?rc sﬁ::m?I?
in princi : i I. For the last two life stages, the pr i
nciple, completely under their contro ) h .
}l'-‘y:::!\ :l:ml B col:'porulions are influenced by t_hc Type C cnrpomll'm}. :w“:; l\%vcl;tzl; they:
deal and, in turn, their products influence the life stages 4 and 5 characten

C products.

s
i
Case Study 3: Energy Use in Buildings _]*
i fo
The use of LCA for buildings and infrastructure is somewhat more challenging than

U ind,” ifetime;
smaller products, Each construction |:lroduFt 1:antb:erls tﬁgfioor: aettl?iayt:gt‘;:: clea@
i i i ment, , etc. o
long, the minor constituents (elet_:trlc_a quulp e s accomplishedL :
ifi eographical location is |rnport.ant. oS : e
:1':::'?:1:1:':3 generggy F:.lse. An example result is shown below for af threc:es‘:ic;:;\:i 9 i
office building with wood framing in Vancouver, Canada. Even for a f

”
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Figure C5-1

‘The cnergy use ractions fur o three-story office
building over 25 years duite to injtial embedded
enerpy, cnergy for recurring replacement and
fepair activities, and operdting energy. The
calculations are for typical current designs, and
for designs that use 25 percent or 50 percent as
much energy in operation as current designs.
{From RJ. Cole, and PC. Keman, Life cycle
encrgy use in office buildings, Builiings amd
Emvironnent, 31, W07-317, 1996.)

B Initial
B Hecuming

e Operaling

Current

that uses only 25 percent of the current standard of energy use in operation, more
than half of the overall energy use over the life cycle accurs during the use phase. This

result emphasizes the importance of building designs that require little or no operating
energy (Figure CS-1),

THE UTILITY OF LIFE CYCLE INVENTORY ANALYSIS

The greatest benefit of life cycle inveniory analysis, in the minds of many prodoct
designers, is that it expands the breadth of their thinking. It is not instinctive to contem-
plale the Mows of materials, encrgy, and water needed to extract and purify the resources
used to manufacture a product, nor lo consider o product’s use of encrgy, or ils fate at
end of life. Merely the recognition of the entire life cycle is enough to stimulate many
designers 1o make environmentally beneficial changes in their designs.

A second benefit comes when quantification of flows is performed. This slep
enables the analyst and/or designer to answer some relevant questions: What are the
relative sizes of emissions? At which life stage is use of energy the most? Can substi-
tute materials minimize any of the environmental aspecits of the product? While envi-
ronmentn] impact has not been Mrlly analyzed, life cycle inventory studies nonetheless
have been shown (o rise issues of concern and to stimulate productive responses. As a

result, they are standard practice in many corporations, and Jessened corporate envi-
ronmental footprints often follow.

FURTHER READING

Curran, M.A., Envisommrental Life-Cyele Assessment, New York: McGraw-Hill, 1996,

Guinée, 1., et al., Handbook ou Life Cycle Assessmens-Operational Guide 10 the 1SO Standards,
Dardrecht, The Nethertands: Kluwer Academic Publishers, 2002,

Reap, I, E Roman, 8. Duncan, and B. Bras, A survey of unresolved problems in life cycle assessment,
Part 1: Goal and scope and inventory analysis, International Journal of Life Cycle Assessment, 13,
290-3001, 2008.

Science Applications Internationnl Corporation, Life Cycle Assessiment: Principles and Practice,
Report EPA/GHVR-06/060, Cincinnati, OH: US, Eavironmenial Protection Agency, 2006,
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EXERCISES

B o e aper o b BT e o e .ﬁ',‘:‘;"?_o';fﬁr?;'u‘;
122 ‘Ills:cp::l L;;::crcts:;lzﬁlh‘[_c:r“t)l:t::l:::::):l in which you work for a forest products company
123 '::::‘:;:’I;l:f"":ﬁvc Lmsggr::&?c:!:‘t;izzzl:lﬁ‘ l?g?cmcd in Figure 12.3. What do you see
124 =ll:t:lzlll;: ::t‘ln::l;:rcg::unc: {2008) identify whal they term synresolved problems™ in goal, scope,

and inventory analysis. Which do you think is potentially the mast serious, and why? | : Th e LCA l m paCt an d
Interpretation Stages

CHAPTER 13

v feet

13.1 LCA IMPACT ANALYSIS

‘The previous chapter discussed the component of LCA termed “inventory amalysis.”
Quantitative information on materials and energy lows is acquired al that stage in some
cases, qualitative information in others, The data presentations in the previous chapler
made it obvious that some nspects of life cycle analysis had the potential to be more
problematical than others, but the approach begged the question of priorities. One could
casily foresee a situation where allernative designs for a praduct or process cach had
similar materials use rates, but used different materials. How does the analyst make a
rational, defensible decision among such alternatives? The answer is that (1) the influ-
ences of the activities revealed by the LCA inventory analysis on specific environmental
propertics must be accurately assessed, and (2) the relative seriousncss of changes in the
affected environmental propertics must be given some sort of priority ranking. Together
these steps constitute LCA's impact assessmenl.

Assessing environmental influences is a complicated procedure, but it can, in prin-
ciple at least, be performed by employing relationships between stressors, which are items
identified in the inventory analysis that have the potential (o produce changes in environ-
mental properties, and the degree of change that is produced (e.g., the generation of
carbon dioxide ns n result of encrgy use). The reiationships between stressors and the
cnvironmen! are developed by the environmental science community. By combining
LCA inventory resulls with these relationships, a manufacturing process might be found,
for example, to have n minimal impact on local water quality, a modest impact on regional
smog, and a substantial impact on global climate change. The life cycle impact analysis
(LCIA) uses that information 1o evaluate the relative importance of those impacis.
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Classification 1
'_ Characierization

Figure 13.1
Vil wartiisis

Normalization

Ihe four-step process in life cycle impact nssesstuent,

The LCIA procedure is a four-step pracess, is shown in Figure 13.1 and discussed

below.

Clussification. Classification begins with the raw data on flows cIJf .I‘l:lFl(':I;I‘nls
and energy from the inventory unalysis. Given those data, lllu c S‘ISSI _|ca"|on
step consists of identifying the cnvurunmcr_ﬂnl concerns ( cu:t.g(‘mf:sloor
“themes”) suggested by the inventory analysis Mows. For example, t:m|55| ns
from an industrial process using a petroleum fut_:dstu_ck may be known Lo
include methane, butene, and formaldehyde. Classification ussigns the first ‘llu-
the global warming calegory, the second to the smog formation cmegc.ry. the,
third to the human toxicity category. Table 13.1 lists those impact calegorics
addressed in most LCIAs. Others, sach as loss of hiediversily resulting from

land development, or waste heat in power plant cooling waler, may be added.

as needed.

TABLE 13.1 A Hypothetical Impact Analysis Including Normatizmion and Weighting

—_

Lmpact category

5, vatue (kilogram eyuivalent) N, vitue (vear) 1} value W, value (year)

Depletion of alkolic resourees .
(‘Iirnah: change 3500, 27x M 24 14 % W
Hiuman toxicity .
Fresthiwater aguatic toxicity 1514-DCH 67 x 1P
Terrestein] ecotoxicily
Photooxidant formation i s
Acidification 1550, tixo? 13 14x1

e 37xWrt]
Ewmtrophication 3.5 phosphate 3Tx 1 (K] ;

13
3.5 antimony 22x 100 ool 22 x 0

- I}-Iﬁ
14-DCB 1Bx e 1l 19x1
T 02 13x1r"

18"
3514-DCH 62x " 04 1Y% m‘wI :
35 ethylene 26x 1t R 2110

" - enkecht. Netherlands, 2002

Source: Adapted from 1.B. Guineé, Lid., Humibouk o Life Cycle 2l
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Fish

Air Drinking
waler

Surloce o
SOWFCCS water ro— P

’

Ciroundwale Meat
Soil

Grass Milk

Figure 13.2

A map of the links between emissions and human exposure routes. (Adapted from
1R Guineé, Ed., Hnndbook on Life Cycle Assessiment, Dordrecht, Netherlands, 2002.)

Characterization. Chnracterization is the process of quantitatively determining
the impact resulting from the stress indicated by the inventory values, that is,

8y = 2Cuj £ (3.1)

where E; is the mass flow identified for species { in the inventory assessment, C;
is the “characterization factor” for species i and catepory § (i.e., what level of
environmental stress of category j is caused by the emission of a unit mass of
species i}, and Sj is the category stress indicator for calegory j.

An example of a category could be human toxicity; the summation in
Equation 13.1 reflects the fact that there could be severat flows from the LCA
inventory with impact on that category, as depicted in Figure 13.2,

In the Handbhook of Life Cycle Assessment, an example is given of the results
of n hypothetical inventory analysis. We reproduce portions of this example in
column 2 of Table 13.1. Note that the §; values are quantified in terms of a
common unil for each category so that the E-C;; products may be summed.
Because the common unils are so different, there is no sense from the table os to
which impacis are important and which are not.

Case Study 1: Alternative Solders

Even a partial LCIA can provide useful information to desioners and pelicy makers. An
example is a study of alternative solder compositions for the electronics industry. Inspired by
regulations banning the use of lead in solder because of lead's toxicity, the study compared
traditional tin-lead solder with a lead-free solder (95.5 weight percent tin, 3.9 percent silver,
0.7 percent copper). The LCIA was restricted to global warming potential (GWP).
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The results of the analysis were twaofold: (1) use of the lead-free solder eliminates
lead from the solder life cycle—an obvious conclusion, and (2) for an equivalent amount
of soldering, the lead-free option has 10 percent higher carbon dioxide emissions. The
latter occurs because the lead-free solder has a higher melting point and thus reguires
increased energy use, The two results thus provide useful information for policy,
although they comprise only a small portion of an averall LCIA.

saurce: T. Ekvall, and AS.G. Andrae, Attributional and consequential environmental assessment of
the shift to lead-free solders, International Journal of Life Cycle Assessment, 11, 344-353, 2006.

Case Study 2: Women’s Shoes LCA

The production of leather footwear and its subsequent use and end-of-life stages form
ihe basis of a life cycle assessment designed to show the environmental impacis of
various stages of the life cycle. Most of the processes of interest refer to the raising of
animals and the acquisition and wreatment of the hides, but textiles and paper must also:
be taken into account {Figure C5-1).

The life cycle stages were defined as (1) cattle raising, (2) slaughterhouse,
(3) tanning, (4} footwear manufacture, (5) waste management, and (6) transportation,
We will not present the inventory results here; they are available in the reference given

below. During impact assessment, however, the inputfoutput list items were classified ;__

and their contributions to a small number of impactslcharaclerized. The results,

expressed as percentages of the total impacts, are shown in Figure CS-2. Normalization |

G
and valuation were not performed as part of this process. }
The agricultural phase of the life cycle turned out to be important for ecologically! -
related impacts: global climate change, acidification potential, and eutrophication
potential. In the case of water consumption, the tannery stage is most important; the,
tannery stage is also highly significant for eutrophication potential and the depletion of: t
nonrenewable materials. Foolwear manufacture is the largest energy-consuming stage, -
and its impacts are espedially significant for energy-related metrics: air pollution, humani:
toxics potential, and fossil-fuel depletion. Thus, two life stages that were not thoughti:
particularly significant in environmental terms, agriculture and footwear manufacturing,
were identified by the LCA as deserving enhanced attention. - |

4

L Mita, et al., Application of life cyde assessment to footwear, fntemational Journal of Life €)
Assessment, 3, 203-209, 1999.

Normalization. The goal of this step in LCIA is Lo relate the §; valucs derivedat
the characterization step o some sorl of reference value R; and thereby to ariss)
at a normalized indicator Nj:

S;
Nf — "ﬁ;
The purpose is Lo put the Sjvalues inloa broader perspective. The reference ¥

may be sclected ina number of different ways, the one chosen being important
the organization conducting the LCIA. For example, i national gavernment il
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insole onitsole @ limng lnces
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indusiry
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Figure C5-1
Alife cycle g

diagram for

oy 's [ootwear, {Reproduced with issi il
bl s ey . h permission from L. Mila, e al,
i cycle assessment (o foutwear, futerationnl Jowrmal of Life Cycle Assessimens, 3,

:'Il:gucﬁlci:n::::en:;ionnl clil:'mlc (ihnngc potential, while a corporation might choose
ange potential of emissions from individual i :
g | 0 s, corporations, and
governmenis within the region where it manufa i
: ] tures ils producis. A typi

choice for climate change might b y api i
e ge might be the average global per capita CO; emission
vl "l'!lc example of Table 13.1 is continued in column 3 of the table, where R,
alues in terms of flow rates (expressed in kgfyr) have been applied. The resullﬁ,
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(1] wal mential; AlM = T on; EP = 11 ]I‘Im\l jon wentiak; ITTP = human mmly
pe m I ol
g’ bal mng entinl; all Alution; F LUl £
nons enewable ERCTRY SuUTces dg[llﬂlﬂll. (RL‘pll)dllUv‘Ll with [rernssion from L. Mila, ct ﬂl..AllI'llCﬂ!lull of
Cyi ment (o foul ur, frdernotions Jex anretf of ’L’ yole Assessteitt, 3, s )
life cycle assessment { IwCi e f Jstarinl Life Cycle A 1o, 3, 3201, 1994

inme ems GWP = F
Contributions of different like cycle stages in wonien's fuolwear ko major environmental concems. G . 5
‘ontri
i
r_f'

i = spleti hiotic resources (o have the
are now in a common unit, and we find depletion of ab i

: . |
highest value, followed by SlCI[lIﬁClItl.On. ;o s, they permit the LOIAR
Beeause the N; values are Lllm(:IlSIOII}ESS r:\ e e i s
i [ ared with each other. ; : :
araclerizations 1o be directly compared w h e . g
thmuu-wd alized S, values, and it is unclear how they should I:u!,:
e (other than “maore 4 i s¢ than less important,” perhaps);
interpreted (other than “more important is worsc | han . T ﬂf
Nonetheless, the choice of the reference vilues is polentially © |
ization i : itted from LCIAS . E
normalization is often omitie At o - g
Vahuaiion, Valuation is the process of assigning ws:lgh.lmg [m'.lun: ::: ;I:tl. N o
impact categories based on their perceived rcl?mvc mpm:l.:(:lcu s scl By S
. fI:s:ensus. For example, an assessor, an international stnml_.lr sur‘g,a. i n; o
;:'lkcholdcr panel might choose o regard c.:limalc change ;n'lp.ulr.:‘ ::?imd impacﬁ'
ortant as acidification, and apply wqiglmng I’flcturs _todl_ &.ur]\:r‘iw“.hy 5
E:ccordingly. Mathematically, this provides & weighted indicator, g gi:
(135)

W, QN;

. : ore e weishid CLors. r;ﬁ
sre the L values are the weighting t_'m. _— o e calculntcd®
wht-t't-l; l(');c \’vishcs.nn overall life cycle impact cvaluation can then be cale ;

1=2W
[}
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‘The exomple of Table 13.1 is completed in the last two columns of the table,
where weighting factors developed by o panel of participants are listed and
applied. Depletion of abiotic resources and acidification continue to be quite
important, but climate change is now highlighted as well.

Case Study 3: Palm Oil in Malaysia

An LCA study that employs both normalization and weighting has been performed for
the production of crude palm oil in Malaysia. The procedure involves agriculture, trans-
portation, and another industry (for milling of the palm kernels), and involves more than
one-third of the country’s total cultivated area. The goal of the LCA was to determine the
environmental consequences of palm oil production and to serve as an improvement
guide for oil palm plantations and palm oil mills.

A very detailed inventory was conducted for the functional unit of 1000 kg of crude
palm oil. This inventory was then used as input for LCA software that used generic reference
values and weighting factors to compute a final result,' which demonstrated that fertilizer
production for the palms was the most severe of the impacts, with transportation and boiler
emissions also important. The most significant impacts were human toxicity {respiratory
Incrganics) and depletion of fossil fuels; Climate. change, acidification, .and eutrophication
impacts, which might have been expected to be highly significant, were shown not 10 be so.

5. Yusoff and 5.B. Hansen, Feasibility study of performing an life cycle assessment on crude palm oil
production in Malaysia,

International Journal of Life Cycle Assessment, 12, S0-58, 2007,

‘The application of weighting factors is controversial, because doing so involves making
social, political, and ethical choices. As n result, LCIA evaluations suitable for a partic-
ular culture or location or time are unlikely to be useful in other circumstances,
Beeanse of this limitation, weighting is often omitted from LCIAs. {Doing so, however,
is equivalent 1o making an implicil weighting with all €, values the some.)

INTERPRETATION
Identify Significant Issues in the Results

A comprehensive LCA penerates a substantial amount of resuls, only some of which is
important, To identify the important issues, the analyst typically addresses the following
questions:

¢ Do particular life stages dominate the results?
* Do particular processes dominate the results?

* Which environmental impacis are identified, and which are likely to be of most
concermn?

* Are any of the results particularly unusual or surprising?
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The result of this review is a short list of issues in the product design or manufacture
\hat deserve special atiention.

Evaluate the Data Used in the LCA

With the significant issucs identified, the next step in the LCA interpretation phase is
1o evaluate the complelencss and consistency of the data. The goal is 1o ensure that
each jdentification of significance is backed by adequate, reliable information. This is
particularly imporiant if altcrnative product designs are being cvaluated, because the
designs need to have comparnble bases for companson.

At the datn completencess step, one wishes 1o confirm that all product life stages
havevbeen nddressed, as well as all relevant environmental impacts. This information
should be verificd ns meeting the system boundarics cstublished at the beginning of the
study, and that the significant raw matcrials and releascs have been incorporated. Next,
the uncertaintics in the data are reviewed to see if the determination of significant
issues 1s robust. I{ it is determined that the datn are satisfactorily complete, consistent

with project goals, and within acceptable uncertainty limils, the analyst can be comfort- =

able. in moving on Lo conclusions and recommendations.

Draw Conclusions and Recommendations

The final step in the LCA improvement stage 15 10 use the information flowing from the
LCA. inventory and impact stages to develop a set of conclusjons relating to the activity.
under study. An cxample is the conclusion from the solder study discussed earlier that
solder composition substitution decreased lead exposure but incrensed global warming'
emissions. If a specific producl or alicrnative producls comprise the focus of the LCA,
recommendations for improvement arc mlso developed. The intention is to produce
environmental benefits or, at least, minimize environmental liabilities. 1f the LCA
stopped al the characterization stage, however (ns was the situation with the women’s)
shoes case study discussed earlier), the identification of significant issues is substantially,
constrained. The results and conclusions can stifl be useful from the perspective of
comparisons against 1argels, for example, or of jdentilying issucs 10 be brought 1o the

atiention of product designers.

SR e ke e - T

LCA SOFTWARE

Because of the complexity of the LCA pracess, & number of rescarch organizationste
and private consulting companies have developed software 10 facilitnte lifc cycl&l
assessment. To prepare for employing the software, the user develops a comprehen:
sive description of the product and of the materials involved in ils manufacture. 1
will require resources when used (gasoline for an automohile, paper for a printer, forts
cxample), those resousces and their anticipated rates of consumplion arc identified
In the typical approach, the user enters into a database the identity of the materiak
used in the product under study, together with the quantitics of cach. The softwarss
taking advantage of internal databases that relate malcrials to impacts of vnrip_%
types and ot various slages of the lifc cycle, then computes the stress indicators 5; ands
if desired, the normalization indicators Nj, the weighting indicator £, and the OVE!
impact cvaluation /.
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L are e T U i i
databe CAil xf;\::;l i[t):cl.(lngi.ts are :?ntlmuously being refined. Many include extensive
i 5C5 cisy to use. Perhaps their greatest weakness tends (o be
Lo quantify data of uncertain validi i ke n the pros "rnw o
ity and to compare unlike risks, i i
i ; the process mak
assumptions that may gloss over scrious vi ity i ess‘ For this as: ; lmng
: alue and equity issues. Fi i
have arpucd that the uncertainti i il i "g“ms ent on both in
sriainties related cither to data or subjective j
Buce ! i tive judgment or both i
normalization and (cspecially) in valuati o high that it 15 tomake
m; uatjon are often so high that it i q
" i ! f : : gh that it is preferable (o make
ecisions based on the more reliable information at carlicr stages of lil:c LC;\ scqucnu}:_

13.4  PRIORITIZING RECOMMENDATIONS

A d i

! ;:si:z:z :lhnl n s:.l‘ of recommendations has cmerged from one or another of the
D v l:;?;:::;n: s lorLICA. Those recommendations will be based solely on the

> rtance of the environmental impacts, but a i i
many other factors in determining i inspi fons. 1 s mot poss Vil
g its LCA-inspired actions. IT it i i
upon all the recommendation e ol o
g i s, or ot [east not to react to them si ane 2

might the actions be reviewed and prioritized? simaltanicously, o

13.4.1 Approachas to Prioritization

Com > 1
Com 51:; l.prr;nlrun:ls tcn_d lo gencrate long lists of recommendations. For example, here
ons from a list resulting from the LCA of a telecommunications prodm‘:t'

Manufacluring
¢ Rewrite specifications for equi
; pment rames 10 encournge or me d
some recyeled material in their manufacture. g andate the e of
Work with supplicrs to minimiz iversi
; iz¢ the diversity of packaging materi i
i} _ acka ial ente i
facility, so that recyeling of solid waste may be uplimizfd. ) wlentering the
;J;c Imt.rogil:n inerting on wave-solder machines 1o reduce solder dross buildup,
inimize the diversity of maderials in outgoi i jog.n :
: el N going cquipment packaging, and deve
labels to indicate apprapriate recycling procedures to the cuslon%c r.Ll i

Dchlop cusable hlp!! 4! 1t !' |’ ! SLLI !

L. & l'lt
Treus 5 g containers thal satisi hysical '"'ld I..lcl.l.l(l'ild"c
I)l olective crilena nl“d are ull"nﬂlcl’ t&‘l.yclﬂl]ll.‘.

Design

¢ Eliminate the use of chromal ive i
Pk ale as a metal preservative in favor of removable
e Review specifications and requirements wi i
¢ c ith the goal of using as [ i
plastics as possible and of using thermoplastics instead of them%oset:w different
o Mark all plastic parts using 18O standards.

Product Munagement

« Im . - . .
plement a customer information online service (o contain not only the operator’s

manual but also instructions on recycli
; t als cycling of parts, components, i kagi
during service life and of the entire unit a cnd oI:" Ife. ponca, and packiging

« Develop and implement a strategy for the recovery of used batteries from the field.
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In developing a list of recommendations hased on LCA resulis, it is impaortant for
the assessor 1o be inclusive, und to range widely. Recommendations that subse-
quently prove lo be infeasible for one reason or another will.be identified and dis-
carded at the prioritization step, the second activity in improvement analysis. Some
items, such as the marking of plastic parts, will not require the procedure of o full
LCA 10 indlicate their desirability, but would normally be at leastimplied by LCA
results if not explicitly called out. Both more obvious and less obvious recommen-
dations should be considered.

It is worth noting thal some recommendations are very specific (i.e., avoid the
use of chromate), while others are much more dilfuse (i.c., minimize the diversity of
packaging materials). Both types are important (o include. ‘I'he highly specific recom-
mendations are easier (o generate, and their accomplishment is morc easily measured.,
“The diffuse recommendation may be more difficult to deal with, but may in some cases
be very important; their inclusion is crucial to-n successful implementation of the LCA
improvement stage.

The environmental performunce of an assessed product can usually be substan-
tially improved by adopting the bulk of the recommendations made in the assessment
report. Complete implementation may not be possible for u variety of reasons;
however, and in any case the recommended actions cannot be accomplished simulta-
neously. Prioritization is thus useful, and in order 16 prioritize the recommendations
one should consider more than just cnvironmentally related characteristics. Some
researchers have proposed that the LCA recommendations be prioritized on the basis
of how much environmental benefit will result. This procedure does nol take into
account, however, the fact that industrial decision making incorporates many factors in
addition to environmental ones. Thus, actions sugpested as a result of an LCA process
are properly regarded as a subset of possible actions, both environmental and nonenvi-
ronmental.

A broadly tractable prioritization approach is 10 discard quantification and deal
with the “binning” of recommendations, that is, dividing them into a small number of
categories on the basis of expert information. For example, one can rank ench recom-
mendation on a “-+/—" scale (“++" being the most desirable score and = —" being
the least desirable score) across the folinwing product constranis

o “Technical Feasibili;  Rates the technical facility of implementing u particular
recommendation; “-++" means the recommendation presents no technical
challenges and is therefore very casy o implement.

o Environmental Improvement: Judges to what extent implementation of a rec:
ommendation wifl respond (o an imporiunt environmental concern, the situation
being evaluated on both a scientific and social basis; ¥+ +" means implementa-
tion will strongly support desirable envi ronmenial initintives.

s Economic Benefit:
menting a particular recommendation; + 4 means the product will cost less if the

recommendation is incorporated. Here the tatal life cycle cost Lo the manufacturer;

iﬁ

is considered. For example, some paris may cost more due to DI constraints by
will also yield a higher residual value when an ilem of leased equipment is returncd
10 the manufucturer for recycling.

Rates the net financial impact for an organization of imple=:

s
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* ClkA h_vupluﬂ.' Accounts for the customer-perceived value added by implementing
a particular recommendation; *4+" means the DIE attriby i
! ; ute has a ve
puerceived vilue,  gh
* Production ‘Mrmagmm:m: Estimates the production schedule impact or other
m:mufaclurmg_, management influence resulling from implementing a particular
recommendation: *+ 4+ means adoption of the recommendation would reduce

the amount of time required to develop and/or manufacture the product; +/—
means it would have no significance.

'An (:I)(IITEII'.}le of prioritization of the recommendations listed above js given in Table 9.1
The individual scores were assigned by the LCA assessor and the recommendaliuln;
were then sorted in order of decreasing overall value to the manufacturing organiza-
tion in each of the three catepories: manufacturing, design, and management.

The Action-Agent Prioritization Diagram

.A}Ilhuugh. the prioritization table is helpful in developing additional supporting informa-
lion relntive lo LCA recommendations, ils extensiveness may make the most significant
information difficult to extract readily, particularly if the number of recommendations is
In'rgcr than shown here. An alternate display of the information is with!a priontization
dingrnm, us shown in Figure 13.3. The first step in constructing the diagram is to normalize

. the assessment sum of Table 13.2 by reducing each sum by 10; the philosophy is that the

maximum score is 20, and a score at or below 10 reflects neutral or negative overalt

Priority score
1
|
|

1 ]
LIS o) (S () I IS) 1) I e

T T T T I T 1 ="

ML M4 M3 M2 M5 D3 DI D2 MG2 | MGI

Figure 13.3

;.\n action-agent priorinzation tiagram of the recommendations from the streamlined
life cycle 1 of aiclect ications product. The designations on the x-uxis
m[c.r 10 1he recommendations (in the order given in Table 13.2) for manufaciuring,
design, and management. On the y-axis, higher numbers indicale greater priority.
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impacts and thus can be regarded as pertaining to 2 recommendation that would produce
_ o 1 little net benefit. The practical cifect of the adjustment is 10 make it easier to dislinguish
U - - r 1 £y -
5 meoxza ozn Do . between and choose among the more highly rated recommendations. The adjusted priori-
i lization sums are plotied in three groups, each group representing recommendations that
would nced to be carricd out by specific “action agents™: manufacturing engineers, design
g5 engineers, or management personnel.
LR Y | 1 i o . 9 ey .
g Leddr '3 1'% i ‘The highest priority recommendations are quickly distinguished from those of lower
BE priority in Figure 133. In the manufacturing area two actions have the highest priority
= E rating: (1) Specify that major metal parts contain recycled content.and (2) use reusable shipping
containers for modules and components. Several other actions listed in the able arc rated
. high (1hough not highest) in priority: accomplishing these would also be well justified. The
a i cconomic impact for all these actions is small 10 negligible. Tn the design area, the
£ Vs L LS + Zt i P L 0 L,E L I
o *tF FONE i recommendation that slands out is to mark the major plastic parts with 1SO symbols (as
& Loy discussed in Chapter 10). For management, one priority action is also identified: the
:j i development of a program 1o cfficiently take back discharged batteries from the field.
u Ak
E% 144 1 13.4.3 The Life-Stage Prioritization Diagram
S E . . . r R .
Pt ; A As with the action agent diagram, the basic information is taken from Table 13.2 and
R normalized. The recommendations are then divided into five groups, one for each life
: i stage: premanufacture, manufacturer, product delivery, product use, and end of life. I
: . recomimendation pertains to more then one life stage, it is included in cach life-stage
= ¥ 5 group 1o which it pertains. The result for the telecommuniceations product example is
2 z | § shown in Figure 13.4.
gé ¢+++:t ++I +¢ E o= 2 ¥ ¥
S B 2 ¥ 1 [
z ¥ 5
& ° k
g & ]
2 5 3 ; 5 = : L 2
2|lmz £E_8_¢& F [ £
elixs ; B33 : }
2128| rrerr o3t ory | 3BfEE F g |
KR 2| FR3EE | : "
E EREE = 1 §
g i z 3 = &8
& 3 il g
] u . I+ ] S ¢ £
Bl 8| oo Eoo oo ElETE I £
5] 3| Sddad fay 33 4 : aH | - =
= 3 - i
i L H |
.g i
l; L 1 I - - - —
2 ] 1? 1
3 i<t ., J
'E ] -1 8 v 4 ou d Cm vy g
g ﬂ ;‘ is £ .___b.s e = ] i | ] T I ] T T
El gl EFEEE ,%e i L) L1221 122 L3 132 142 L4 152 LS|
<| Z|pEfiesr §5ELE: )
ol TE EEEE%"’ o_g‘ﬁge 8 Figure 13.4
i ] = 3w c =
o g EE 25 5 -§ ¥ | %E‘. g A life-stage prioritization diagram of the recommendations Trom the streamlined life
w g IE % _*Z 2 3 aﬂ;% 75 E _E E cycle assessment of a telecommunications product. The first digit under cach bar refers
2| Elsd2kegszi23643

fo the hife stage; the second is a recommendation sdentification number {see Table 13.2).
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i ides o differe srspective on the recommendations,
- 1lft--5t-lgclil-lL::::;:I;::Ef:h:;ll'f&ﬁ- :‘l: Fl:-:b:r::liuu :1gcnl5-:|'hc envifﬂnl',“fi:::::
S “r:":cluring stage, for example, are seen ns relatively hu:'n‘gr:i ‘“1"—“[{:
oty " lhe‘ l-nlfml“-iu licable recommendntions are Jow. In (_.'ont.rusl. lh_t. :l.n ;‘-)d e
ptnL:mlﬂizcruclz—:n?mtu::du‘:i?)ns with higher priority scu?]:s. l}luczt':-u'(:[lb;: :;let: (;:1 oﬁ'; r‘;,duct
s ' atle stages are under the dire L.
lllc'p":'J!“':ll'lll::se r:::ﬁ:—nu?x:fl:;:':.":;.:ér.ull::.i:h?nt:l\nly it requires the participation of
:ll:::ltb;'r‘:crls;rcsncgl organization in working with suppliers.

THE LIMITATIONS OF LIFE CYCLE ASSESSMENT

M . s i LH rv. lo
. st usset of the LCA concept is that it appears mhun:‘ully l|(;| Tu. lf:o.sn‘l:;::li :;,:'ud.
ek e d-l assess the mppe of environmental impacts mlrll_mlfl e ICI. it Sp il
o Aq st JT}T chapter, however, there prove (o be many limitations in pl;nlmi| i;-, i
tict. A8 aee m.l‘ . - ltl EUI.II,IdilnES is difficult, the specification of thc_l'uncuu!m- i s ot
dﬁl‘}'lng. ?f .(llss: 's?r:llitf:icull 10 recommend a consistent approach 1o cllh'cr. D:l:;l :::v :mury
waou}"' W :' rlt‘:‘ also limitations to accuracy and completeness. As .: re?uh:; s/
“ndl;s::;lf;rsd.:ﬁcrcnl assessent teams cin produce different, though perhaps
hTiH]

sfendable, resulls. - sssment sta
ddm:l\ap:ninl list of the challenges related 1o the impact assessmen

following:

g inchudes the

i 2y assumie that emissions
1e locational information (e.g., they assume that en

« LClAs do not incorpori e et

of o certain quantity of smog:-forming, chemiculs into the nir 1s §
Oslo as in Los Angeles).
+ LCIlAs do not incorporie e ulSnforinmics
of a certain quantity of smog-forming chemicals
SR—— ool -
midnight us in nudmornii . ) ‘ i
s LCIAs routinely omit consideration u'l‘ t;numnmmlul impi
agreed-upon characterization factor is m'nllnhh.; AR,
e LCA invemory datn are often too general {e.g., “VOCs" “metal:
e ot 500 g emission of o certnin!
i Icls IS o o (e.g., the impact of o 500 g ems 1
: of impacts is assumed (e.g., ofuz lon of 4 o
) Llu:::i:;i,is :1ssuI::wd to be 104 times that of a5 g unlsmun).']"hlsl:;x:m_“ g
c::;linn of nonlinear responses and thresholds that are known
¢ s
muiterials (see Chapler 6). )
s Recycling loops are difficult to include.

i 5y 0158 ; issions
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into the air is just ns signafican

cts for which no

i eir
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miners mine enriched deposits instead. Other workers use estimates of economic
resources s a reference; this is unsatisfactory as well, because increased demand as
reflected in price, or improved mining technology, tends 10 increase reserves and thus
means that contemporary reserve numbets are likely to be serious underestimates.

A second example relates to ecotoxicity, in which two emissions of equal amount
are assumed 1o have equal impacts. The ecosystems and organisms that receive those
emissions can be very different, however. In some cascs, organisms can withstand and
ultimately reject small doses of 5 subsiance. In others, organisms may ingest & material
such as copper that is biologically esseatial rather than harmful {both of these cases
violate the principal of tinearity), Finaily, ecosystems differ in their ability 10 sequester
materials, so neglecting that difference does nat take spatial location imo account.

Notwithstmding this daunting fist of chaflenges, the most difficult issues of all doubt-
less relate to normalization and valuation, in which the absolute assignment of value to
different environmental impacts is thwarted by differences in societal structure amd
preferences These constraints lead at least a few practitioners to say that LCAs can only
study burdens placed on the environment and not environmental impacts (as seen in two
of the case studies in this chapter). Because quantifying and prioritizing impacts is the

purported reason for doing LCAs, however, a retreat 1o burdens i, in a sense, a retreal
from the desired quantitmtive npproach. Finally, no matter how sophisticated a quantitative
analysis may be, if it has a subjective basis or uses subjective datn, it gives subjective results

LCA software programs gencrate resuls involving the inventories they are piven
and the environmental impacts for which they are programmed. They may include
normalization and valuation steps, which require that they have incorporated “expert
opinion” of some kind. The naive user of the software is often unaware of these
nuances, thereby assuming that the results that are presented ure as rigorous as an
cengincering determination of stress or strain. This is potentially dangerous business,
especially if resulls for two rather different ways of salislying a customer’s need are
being compared.

Is, then, the concept of a product-level comprehensive LCA, with iis scoping,
inventory, impact, and imerpretation phases, infeasible, at least as a rautine 1ool? In
LCA's present form, the answer is “probably.” Nonetheless, those who have performed
almost any of the types of the LCAs mentioned above have found benefits both for the
product being assessed and the environment being affected, because issues are raised
that would otherwise be overlooked. That fact supgests that a less doctrinaire and sim-
pler version of an LCA might have substantial utility, whether or not it meeis all the

lofty ponls of the ultimate LCA. This simpler approach, termed “strepmlined LCA”
(SLCA), is the subject of Chapter 14.
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141 NEEDS OF THE LCA USER COMMUNITY

Itis uscful at this point 1o ask, “Whao are those who can most benefit from a life cycle
assessmenl?” One group is the policy makers, who find it useful, for example, to know
that generic lead-free solder use trades lend exposure for enhanced global warming
emissions. A second group consists of academics who are exploring the inleractions
between technology and the cnvironment. A third group, larger and more focused ihan
cither of the others, consists of product designers, process designers, and their man-

agers. This group is interested in whether the technology for which they are responsible
has any notable covironmental concerns, or, sometimes, whether product A is
“greener” than product B.

We discusscd earlier in this book the wa
design Inkes place,

s ok b 0 i

e

ys in which environmentally informed
but it is appropriate (o present a briefl review at this point. A key
feature of the process is that product realization involves what has been called “design
under constraint” —the art and science of dealing simultancously with requircments

J_ i {or size, performance, cost, reliability, appearance, and so forth. The time available for
P ¥

S n-p—-ﬁr-l-bm.ﬁummﬁ_t..-. oy

design is tightly limited in almost every case. As a result, decisions that will strongly
influence many of a product’s characteristics are often made on the basis of past expe-
¢ B ricnce and rough design concepts. The conscquence is that at the time a decision needs
7 L to be made, il is often the case that malerial choices, energy use, and other factors
essential to a full LCA are not available. Decisions that have environmental relevance

f B are indeed part of the design optimization al this slage, but the information available is
3 i Benerally qualitative or, at best, semiquantitative.
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