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- il

1.3 Using the “master equation,” the “Units of Measurement” section in Appendix, and the
following data, compute the 2007 GDPleapita und equivalent CO» cmissions per eyuivalent

US. dollar of GDP for each country shown in the following table.

e ra—
" -
L
|
|

L

2007 Master Equation Da for Five Courics

Pupulation GDP [billion 118, CO; emissinns i
I CHAPTER 2

Country {millions) dollars) (T Clyrl ]
Brazil (I 621 106 i i

China 1354 2,512 1,665 | . v

India 15 796 334 1 Th c f S b I

o 1 e Concept ot Sustainabiiity
United Stutes 204 13,220 1LHW 11

Sowrce: Data for this table were drawn 1 ily from KT Hloug) WA, Callander, and S.K. Viney, Cliviate {

Change 1992, Cambiridge, UK: Cambridge University Press, 1992,

‘Trends in population, GNE, and technology are estimated periodically by many institutions.
Using the typical trend predictions below, compuic the equivalent CO; anticipated for the
years 2010 and 2025 for the five countries in the following toble. Graph the unswers,
together with information from 207 {previous problem), on un ECO; vs year plot.

Comment on the results

3
21 1S HUMANITY'S PATH UNSUSTAINABLE?

. S e e L

Master Equation—Predicied Data for Five Countrics i

Populution r Unpredicied societal collapse is an occasional feature of the history of humanity. The

{miltions) GNP growth {%/y7} Decrease in ! i,, classic case is that of Euster Island in the southeastern Pacific Ocean. [tis very remote,

Country LY g §UH-20HMY 20K-2025 cCONGNI(%/ye) o and was not settled until about 800 cE. When the Polynesians arrived, they began 1o cut

P 15 B 16 28 0s P trees Lo create farmland and 1o make canoes Sown they began to erect the large statues

China 1290 1600 55 440 1.0 : 4 for which the island is famous, and trees were used to transport the statues and erect
India 9t 1425 17 17 02 3 - them. Over time, the island’s trees were all cut for these purposes.

Nigeria |~4a 250 22 24 0l t 5 The lack of trees meant that Easter [sland had no firewood, mulch, or canoes.

United Siates o w7 24 l — i %' Without the ability to catch dolphins from cinoes, and with the depletion of nesting

Source: Daa for (his 1able were drawn primarily from LT, Houghton, 1A Collander, aml 5 K. Varney, Clinmate : birds, the population came under severe pressure, and the island wos loo remote

Change 1992, Cambridge, UK Cambridge University Press, 1992 i 3 for help to come. There were no alternatives 10 a severe and ullimately permanent

f : population collapse.
i % Easter Island is o special ease, certainly, but it is not hard 10 find other cases in
T which the misuse of iechnology has forever changed part of the planct—the acid mine

£ 1 drainage and heavy metal pollution around Butie, Montana, in the wesiern United
i ; States is an example.
3 .., The discussion of collapse can be generalized by examining the allernative
g behavioral patterns for complex sysiems shown in Figure 2.1. The exponential path
: ":_1 (Figure 2.1a) traces the path of social progress for some 200 years. This pattern
. 3 T ccurs when there are no constrainis Lo growth or when innovation causes apparent
; % ._hmlls 1o recede, The s-shaped curve (Figure 2.1b) is characteristic of the system with
i
; 1
? f
¥ 3
& 3

fixed constraints in which action is controlled by feedback based on a sense of the

13
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E Carrying
ﬁ Capacity
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E_ Physieal Economy
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4
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Time
(1} Continuaus growih if physical boinnds are distant or growing
- CorTying
Capacity™ ™ """ """ T
\ Population apd
Physical Economy
Time
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Development Metrics

Siginoidel path cccurs whe upproaches to bowds are seen
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Carrying Physical Economy
Capacity

o
pu

Development Metrics

Time
Oscillatinns vccur with delayed signals but robust bords

{d}

Fopulation and
«" Physicnl Economy
Carrying
Capacity
Time

Cerdlapse oceies witl deloys und erodable bowmds

Figure 2.1

Four typical behavior patiems for complex sysicmss
(Adapted from DI Meadows, D.L. Meadows
and 1. Randers, Beyond the Limits, White Rivert
Junction, VT: Chelsen Green, 1991)
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4

distance to the limits. To manage the smooth approach, the sysiem must respond

without significant lags and with accurate knowledge of the distance yet to go.

The curve showing oscillatory behavior (Figure 2.1c) is typical of systems where
feedback mechanisms are inaccurnte and responses are slow. Al the point that aware-
ness of some limit becomes sulficient 1o produce action, it is too late to avoid overstep-
ping the limits and the system continues to move beyond what appears to be some
long-run sustainable staie. IT the stress produced by the overshoot does not completely
degrade the system, subsequent corrections can cnable the system to oscillate about
and approach the limit. Cusve (d) depicts initial behavior somewhat like the third
curve, but with a critical difference. Here the system is insufficienily robust, corrections
are insufficicnt, and collapse occurs. This is the Easter Island trajeciory.

It is important to note that the initial stages of these curves arc quite similar. We
imagine that we are close to the origin and further imagine intuitively that we are on
the exponential growth patiern. If we are not, we must look sustainability in the face
and think hard about the robustness and stability of our technological society.

It is useful at this point to define what we mean by sustainability. Many have tried
to formulate succinct definitions, two of which we feel have particular merit. John
Ehrenfeld's is conceptual: “Sustainability is the possibility that human and other forms
of life will Mlourish on the planet forever.” The International Institute of Environment
and Development defines sustainable development (often used as a synonym for
stustainability) as “A development path that can be maintained indefinitely because it is
socially desirable, economically viable, and ecologically sustainable.” The words have
resonance, but offer minimal guidance lo engineers, scientists, political leaders, and
cilizens. What specific actions will move us in the direction of sustainability?

COMPONENTS OF A SUSTAINABILITY TRANSITION

In the short term, virtually everything can be sustained. On the longest of timescales,
nothing can. In between, there are choices lo make. Therefore, 1o begin the process of
operationalizing sustainabilily, we need to determine for oursclves exactly what it is
that we wish to sustain, who are we sustaining it for, and for how long. A variety of
positions have been laken on these lopics; they are grouped in Figure 2.2. The most
common position (not necessarily the “correct™ one) on what is to be sustained is life
support systems, especially for humans. The goal tends also to be human-centered,
with economic growth and human development as the central themes. The Board on
Sustainable Development also identificd linkages thal connect sustainability and
development to varying degrees.

Choosing the timescale is important, because it enables potential actions to be
quantified, as will be shown below. “Now and in the future” and “farever” are naive and
‘unworkable choices. In a practical sense, making policy for more than a human adull
lifetime is not realistic, so most operational planning durations for sustainability fall into
the 25-50 year range. This creates obvious discontinuities when working with systems such
‘as the earbon and climate cycles, which involve timescales of many hundreds of years

Given the general agreement thal sociely’s current path is not sustainable, getting
closer to' the sustainability poal will require a significant and multifaceted transition.
This could well involve moniloring and influencing a number of long-term trends, some
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| FOR NOW LONG? 1
. 25 years ]
L e L I “Now wmd - it Sy ]
{WHATISTO BE in the fulure™ WHATIS TO BE
SUSTAINED:. DEVELOPED:
Forever
NATURE PEOPLE:
Earth - Ghild Survival
Biodiversily gﬁmw
Ecosysiems el :
B,
' Qi Gpptrailty,
o] LINKEDBY [
LIFE SUPPORT, Only ECONOMY’
Mosily
' Ecosystem Services But Wealih
Resotirces Gl Productive Sectors
Environment or Consutnption|
COMMUNITY SOCIETY
Figure 2.2
Cultures Insiitutions Sustainable developmenl: common concems,
Groups Social Capital differing emphises. {Reproduced with pesmis-
Places S“"‘F‘ i sion from Board on Sustninable Develop-
Regions nvendt, Qur Common Jourmey, Washingion, DC:
—— N; I Academy Press, 1994 )

of which may not be intuitively associated with sustainability. Industrial ecologists may, ]

have minimal influenee on some of these, such as health or urbanization; but are clearly, |
central players in changing the rates and modes of use of resources, of encrgy, and of
water, and in minimizing the impacts of technology on the environment.

A feature of the sustainability discussion that is highly relevant to industrial
ecology is the distinction between “weak™ and “stirong” sustainability. The former is the!’
more oplimistic position: 1t holds that sustainability is equivalent 1o nondecrensing lotniu_-;
capital stuck, that is, the sum of natural capital and human-mnde capital. Adherents of !
strong sustainability tuke a different position, arguing that natural capital providésy
certain important functions for which human-made capital cannot substitute. Robert:
Ayres (2007) liss free oxygen, freshwater, phosphorus, and scarce but very useful hen*[i"n
clements such as thallium or rhenium in this group and argues that “those who espm_'l'ﬁP.“‘
the notion of strong sustainability appear to be closer to the truth' thun the! oplimiS2E
who belicve in more or less unlimited substitution possibilities.”
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QUANTIFYING SUSTAINABILITY

How is onc to approach the challenge of providing sustainability guidance in such
a way thal it can be implemented? We explore in this section of the chapter a few
examples, all potentially contentious, of how such guidance might be cstablished and
provided in such a way that the “journqy‘towaril sustain:‘:bilily“ might begin.

Realistic and defensible goals for sustainability and their implementation will
not be easy 10 establish in practice, but the principles by which one could procecd are
reasonubly stroightforward. They ave:

= Estublish the limiting rate of use of the environmental, cconomie, or equity
component.

» Allocate the allowable limit by some appropriaste method to those 'who are
influenced by that limit.

» Comparc the current situation with the pcrmlilﬂ:d allocation.

» Consider polential corrective aclions.

In o number of cases, it will be nécessary toselecl a ! time=liorizon aver which
sustainability is o be evaluated. In accordance with the Board on Sustainable
Development (1999), we regard 50 years (i.c., roughly twohuman generations) as o
reasonable period for assessment. By most accounts, the next 50 years will be
crucial in determining the long-term sustainability of ecological and human
sysiems. Population is likely 1o increase dramatically over the next 50 years from
6 billion to 9 billion. A discernable human-induced climate change on the order
of 2-5°C could well occur, and commonly used industrial minerals and both il and
natural gos could become increasingly scarce over the next 50 years. We further
assume that resource consumption. should be planned so thol existing, resourees
will lust for 50 years at current rates. This allows time for substitution of other
resources or the development of alternative ways of meeting the needs that are
served by resource consumplion.

Once a resource of interest is chosen, then we see four basic steps for beginning a
preliminary measure of sustainability.

1. Estallish the virgin materiol supply Emit by calculating the amount of a resource
that can be used per year if that resource is to.last for 5t years. To do so, you must
first establish the known quantity of the resource available within the region of
interest {the globe, a country, a state, elc.). For'a nonrenewable resource, the
amount often used is the *reserve base,” defined as'those resburces that can be
extricted at o profit plus some resources that are known but are not-presently
economically vinble.

Allocute the virgin materiul supply according to a reasonable formula (such ns
dividing it cqually among the global population, perhaps). Throughout the
following exnmples, we assume that the average global population over the next
—30.years will be 7.5 billion people.
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3. Estsblish the regional “re-caplureable™ respurce base, which is the known quantity
in stockpiles, landfills, and so on, where it might reasonably be accessed. Assume
that this Tesource can be replenished from cxishing stock in use at the current
regional rate of recycling of the chosen matenal.

4. Compare the corrent consumption rate (o the sustsinalie limiting rate for tha
resource within the region being assessed.

Once this basic measurement is done, one can begin to speak intelligently and realisti-
cally about any necessary policy actions to respond 1o excess consumpion. As the
following examples will show, this basic calculation clearly shows the unsustainabie
nature of current,“Western” . consumption: patterns, especially when available techno-
logical resources are cquitably distribuled across the globe. Whether or not this is a
reasonable;allocation of resources is.a question that will be briefly addressed herein. As
is patently obvious, cquity in allocation of the global common resources will be a topic
for serious and, intense political debate for many years to come. However, even the
simple sustninability catculations for zinc, germanium, and greenhouse gasses below can
serve as starting points for these policy debates.

Example 1:Sustainable Supplies of Zinc

To illustrate the approach, let us proceed to derive a sustainability limit for the vse of
Zinc. Zinc, a Fairly ‘representative industrial mineral, is widely used by our modern
technological socitty, yet it is in a reltively short supply from known reserves. About
half of zinc production’ goes to make galvanized stecl, in which a thin comting of zinc
protecis the underlying stecl from rusting. Our industrial socicty also uses zinc in brass,
‘bronze, and other alloys, dic casting, and tire manufacture. Applying the four basic
steps above, we determine o sustainable limiting rate of zinc consumption in Table 2.1.

Is 1.5kg of zinc per person per year sufficient for an average person’s technological
and social requirements? Consider the following cxplortion of a common technological
appliance, the automobile, Automobiles are onc of the major technological goods that

TABLE 2.1 Calculation of a.Global Sustainable Limiting Rate of Zinc Consumplion

1. Virgin material supply Hmit; For zinc, the reserve base as of 1999 was 40Tg, so the virgin malerial
supply limit over the next 50 years is 430 Tg/50 years = 8.6 Tglyr.

2. Allocatiun of virgin material; Allocating the available zinc equally among all the world's population
gives approximatcly (8.6 Tg/yr)(7.5 billion people} = 1,15 kg/{person-yr).

3. Regional “re-captureable” resaurce base: For illusirative purposes, assume a 30% zine recycling rate
{the currcat best-availahte zinc recycling rate). ff 30 % of the 1,15 kg/(person-yr) is recycled, then cach
person in the region actually has 1.15 + (03)(1.15) kg/{person-ye) of zinc availablc, or 1.5 kg/{pesson-yT).

4. Curreni consumption rale vs. susiainable limiting rote: This step raises the fundamental guestion:
FHlow we are doing cusrently For instance, the Usnited States’ zinc consumption in 1999 was 1.6Tg
for a population of 260 million people. This translates o a US. per capila zinc use of 6.2 kg per year.
The.Netherlands zinc use.in 1990 was 285 Gg for a population of 15 million people: This transkates
1o » Netherlands' per capita zinc use of 1.9 kg per year. The United States clearly exceeds its global
sustainable allocation of zinc per person, while the Netherlands is much closer to its glohal sustainable

allncation.
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contain zing, in the form of galvanized stee! chassis and body parts The zine content of
an average car is aboul 3 percent of the total weight of the aulomohbile. Assuming
that an average nutomohile weighs about 2000 pounds (or about 9K kg), then the average
automohile contains about Y00 kg x (1035 = 32 kg of zinc. From a “zinc-perspective.” the
sustainable rale of awomobile purclise is thus 3215 = 21 years. Thus, your annual
sustainable zinc allotment lets you buy a new car every 21 years. Furthermore, if dusing
those 21 years you want anything clse containing zine, like a brass doorkneb or some
galvanized fencing, your new-car-purchase cycle will be lengthened.

~ An argument against this simple caleulation would he that substitules are widely
available for galvanized steel (such as uluminum or composite materials for automobile
manufacture) that would reduce the need for mined or recyeled zine. Substitution raises a
few imporiant questions, such as the following: Is a substitute technologically feasible? Is
the substilute economically feasible? Is the substitule sustaimable? Is the substilute of
equal quality? Is the substitute socially (morally, ethically, etc) acceptable? Will the
substitute be nccepied by consumers (due to aesthetics, “feel,” or style)? These questions
range from the scientific (o the political and social. For the case of aluminum or composite
mnlclj;:]s substituting for zinc-galvanized steel in automobile manufacture, all of these
guestions could be satisfactorily answercd (and probably will have to be in the near
future). Answering these and ollier guestions (such s, how do you increase zine reuse and
recycling?) will help policy makers devise the necessary corrective actions and incentives
lo achieve sustninable zine use, As the following example for germanium will clucidate,
what happens when the material in question has no readily apparent substitute?

Example 2: Sustainable Supplies of Germanium

Onc potential example of an “unsubstitutable™ industrial mineral is germanium,
75 p.crc(.:nt of which is used in optical fiber systems, infrared optics, solar electrical
applications, and other specially glass uses. Germanium plays a key role in giving these
gla:f.sa:s their desired optical propertics. 1ts most common usc s as a dopant in the
cylindneal core of glass fibers slightly increasing the refractive index of the core glass
cumpnrc_d to the cladding. Lightwaves impinging on the core—cladding interface are
‘trapped _msidc the core and can transmit the light signal for distances up to 30-60 km.
Gerr_nan'mm is more reliable and outperforms all currently known substitutes in these
applications. Furthermore, germanivm use will likely increase in the Tuture as fiber
aptic cables replace traditional copper wires and as solar-electric power becomes more
\yldely available. We compute a U 8. sustainable fimiting rate of permanium consump-
ftion in Table 2.2.
Is the sustainable allocation of 2 mg of germanium per person per year sufficient
!'or an average person’s technological and social requirements? Consider the follow-
-Ing exploration of fiber oplic cable replacing LS. telephone wire needs. The germa-
nium conlent of an average telccommunications fiber core is typically 5 maole percent
GeO,. This translutes to roughly 14 mg of germanium per kilomeler, Assuming that an
average road has al least one telephone cable along its length, then replacing the
copper telephone cable with fiber optic cable alang the 3,830,000 km of paved roads
an ithe Umlc_d _Smlcs would require approximately 2 Mg of germanium. Dividing
¥ the 260 million people in the United Siates, each person would have o contribule
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TABLE 2.2 Calculation of n US. Sustainable Limiting Rate of Gennannim Use

1. Virgin mateial supply limit: Similar 1o the shove analysis for 7ing, the first step is o establish the amonn
wvailalile, For ger the reserve base in thie Uniled States as of 1994 was Slllh.lg {waorkd reserves
are unknown o1 this time), so e virgin material supply limit over the next S years is 500 M/S0 yeirs =
W Melyr, . )

2. Allwention of virgin fal: Allocaing the available germanium equally among Ml the world's popula-
tion gives apprositately 1 Mg/yrf7.5 billion people = 1.3 mg/iperson-y). )

). Regionol “re-cayp ie* resuurce hase: Worldwide, approvimately 25% of the total germanivm
consumen s produced from recycled malesinls. 1 25% of the 1.3 mgf{person-yr) is recycled, then cach
person actually lias 1.3 + (1025)(1.3) mg/{person-yr) of germanium available, or 1.(! mgf(pcrsnn—y.r}. .

4. Current piinn rate vy, inuble miting rufe: " United Stes’ germ.-mmm‘mnsum;‘num in
1994 was 200 My for o population of 260-milliva people, This transtites 10 5 c'ur'nfnl LLS. prer cupita
germanium use of 77 mg per pe T year, c il o the 1 bl hmn!ng fate of Liwmg per
person per year. The United Siates clearly excecds its global sustainable abocation of germanim
per persiny.

a one-lime donation of about 8 mg of germanium 1o rewire the country. From i
“germanium-perspective,” replacing copper wire with fiber optic cable for telephone
service in the streets of the United Stites would most tikely be sustainable,

Obwiously, most countries of the world do not currently have the demand f:-)r
fiber uptic cable sugpesied above. In a developing couniry, such an analysis cuul(! hclgm
a discussion on whether wiring the streets with fiber optic cable from the hc_g,mlung,
instead of copper wire, would be o more sustainable choice, A .lhirld nllcrnulw-:._now
apparently going forward but not from a sustuinabilily perspective, 16 Lo cuml_numcnlc
ettirely by cellular telephone and thus avoid much uflthc necessary cnhlu_lg com-
pletely. Such a chuice should, of course, mitiate 2 discussion umut_ul the sustninability
of all the constituent materials in celiutar telephones and base stations,

Example 3: Sustainable Production of Greenhouse Gases

As stated above, two of the major Earth system conditions we wish to maintain are
a Holocenestyle climate and Tunctioning planetary engincering systems (Forests,
wetlands, cte.). The sustuinability of each is closely linked to glob_ul _cllmnle ch_;mgc.
Perhaps one sustainability threshold for climate change wuulq be o limit human distup-
tion of climate below that which sigmficantly alters occan circulation patterns, such as
the North A tlantic thermohaline cireulation, According to some climate change models,
a doubling of atmospheric CO; (1e., 10 approximately 550 ppn!v) wu_uld mast likely not
permanently alter Atlantic Ocean circalation {although the circulation would weaken

significamly and would tuke hundreds of years Lo recover in that case). It wuulr..l hc‘cz_lsy i
to debate that a doubling of CO; would still have some nonzero effects on maintaining i
climate conditions and ensuring the viability of ecosystem function. Yq_:l, (!ouhlmg c_ﬂ' i
atmospheric COH has emerged as a political target und a focal point for SC‘IEIIIII-IC analysis
in most climate change models. Therefore, using the basic steps dcscnhcd_ahcwc, we
caleulaie in Table 2.3 a sustainable level of CO5 nddition to the atmosphere, il we make,
the controversial assumption that CO; doubling will be reasonably sustainable. &
Is a sustainable alloention of | metric ton of carbon per person per year reasons ;
able? Consider the following data on automobile usage and carbon produchion:

&l
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TABLE 2.3 Calculutiun of a Glubal Sustainable Limiting Rate of Carbon Dioxide Production

L. Virgin material supply lmit: The I'CC indicates that in order 1o level off aimospheric CO;
conceniration (the major greenhouse gas of concern for our wechnological society) below a
doubling from the preindustrisl level (i.e., below approximately 550 ppmy by the year 2100y,
global anthropogenic emissions must be limited to ~7-8 Pg of carbon per year.
2. AHocativn el virgin ial: Again, following the simple examples above, each of the average 7.5 bitlion
peaple om the planet over thie next 50 years is allocated an equal share of CO; emissioas This translales
ta roughly 1 metric ton of carben per person per year.
. Regional “recaplurcable™ resvurce base: *Recycling™ of carbon in the furm of permancnt or
semipermanent scquestration may eventually be possible through controversial technigues such
as deep well injection of carbon divside. However, this is siill largely theoretical or in the very early
stages of exg talion, Future hility es could incorporate carbon recycling if it

is eventwally accepted as part of the carbon “mansgement” allernatives,
d. Current ¢ plitg rule vs. susiui

ble limiling e The United Siates on average produces 6.6 metric
tons of carlion cyuivalents per person, which is ctearly well beyond the global sustainable rate of 1 metric
ton of carbun per person per year. Inhabitants of Switzerland produce approximately 2.0 metric tons of
carliin equivalents per persun, which is still approximately twice our ealculated sustainable limit.

Driving an aulomobile produces approximately 100 g of carbon per vehicle mile
traveled. Drivers in the United Stales average 12,500 miles per person per year, which
translates to 1.25 metric tons of carbon produced per year by driving: A driver would
have to reduce his or her yearly driving miles by 2,500 miles in order to achieve the
1 metric ton of carbon per person sustainubility goal. Regardless, a person could use all
of his or her sustainable carbon credit on driving, but this would leave nothing for
home heating, electricity for a computer, or a personal share in the larger industrial-
technological systems that support the economy. Allernative energy sources, carbon
sequestration possibilities, less-carbon-intensive productibn systems, personal driving
habits, vehicle technology, public transportation systems, or some combination thereof
must all be incorporated into the public discourse. However, as is the theme of this
exercise, this public discourse would be well served by having a suslainable target
toward which to aim.

These examples and the assumplions made lierein raise contentious issues, two of
which we address below.

Issues in Quantifying Sustainability

The Simplicity vs, Complexity Issue.  Our unalysis here is necessarily simplified, and the
simple metrics do not yet handle the inherent complexity of our global environmental
system. I is easy 1o punch holes in the measurements and data, and cumulative and
unintended effects are particularly troublesome. We say little about the methods of
production for resources, which can involve enormous energy use, serious habitat disrup-
lion, environmental degradation, and so forth. For instance, even something scemingly
positive such as increased zine recyeling to nddress sustainability issues may have
negalive effects on energy consumption and greenhouse gas production through trans-
rortation of reeyclable material. Whether the sustainability-enhancing aspects of the one
Outweighs the unsustainability of the other two is cause for serious debate and more
n-depth analysis that is beyond the scope of the simple metrics outlined herein.
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There is a point where complexity for complexity's sake offcrs only margi.mll
benefits. Each of our calculntions raises the possibility that our current lcclmolqgwul
systems operate at at least wice the sustainable rate. _On the order of lfmgmludc
scale, cven the simple sustainnbility measuremcnts heeein offer a perspective on the

challenges ahead.

The Property Rights Issue.  In calewlating preliminary values for sus-lninablf: rales of use of
virious resourees on an individual basis, we have allocated resources in the simplest possible
way —an equivalent amaunt to each buman being. This ch_niu: 18 coml‘urt.nhlc fi Tom n glu_hal
equity standpoint {although in reality far from current social norms), but lmmf:dlfalcly' miscs
potentiallegal issucs surrounding property rights. Resources are not cqual!y distributed ona
geographical basis and they are owned by a varicty ufcnlmcs.m_cludmg nations, corporalions,
and ndividuals. To allocate resources on a global basis is to dictate at least to whom those
resources must be sold, and doubtless tg have at [east some influence on price. Some alterna-

tive approaches, all problematic to varying degrees, are as follows:

+ The global total extraction rate could be dictated, but allocation left to market forv.:cs

s Repional total extraction rates conld be dictated, and rt:_sidunls of resource-rich
regions-allocated more of the local resource than nonresidenis.

+ Regional allocations could be based on both local virgin and secondary resources.

Regardless of what choice is adopted, sustninnhilily'fmm a resource standpoint
may require the establishment of an upper extraction limit followed by some n_u:lhod
for allocating cach.year's-virgin material supply. This would redefine current notions of
private property, by imposing fimits on extraction, and woqld trun_s_fer ll.lcse property
rights 1o disenlranchised masses. These are questions of policy, politics, dlpl(_)macy. and
law. Nevertheless, the few simple calculations preseated above can g_rcnlly inform the
debate that rages among the developed and developing \?orld. the rich and _lhc poor,
the large nations and small islands, (he North and the South, and Republicans und

Democrits.

LINKING INDUSTRIAL ECOLOGY ACTIVITIES TO SUSTAINABILITY

The Grand Environmental Objectives

Many of the sustainability dinlogs involve cnvimnmenlnl_ perturbations, in pagt
becnuse much of sustainability arose from previous cnwronmcnlnl- mnvclpcnl.s.
Accordingly, it is useful to consider how such issut:ﬂs might be prioriml'.cr.l. \'\{llllOI..ll.
forgetting that sustainability itsell requires consideration n_l’ a number of dimensions in
addition to the environmental. Here, there has becn significan! progress: Allh(_)ugh ]
number of environmental issucs are worlh atiention, there is indisputable evidence!
that some eavironmental concerns are regarded generally or cven l_mivc_rsn_lly a5 more!
important than others. For example, » major global decrease in hmdwe_rsny is c:lcarlyuiil
more concern than the emission of hydrocarhon molecules from residentinl heatingy)
and the Montreal Protocol and the Rio Treaty demonstrale that at least most of the

countries of the woeld feel that understanding and minimizing the prospects for ozong
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depletion and plobal climme change are issues of universal importanee. If one accepts
that there are indeed such issues that have peneral acceplance by human socicty, one
may then postulite the existence of a small number of “Grand Objectives™ having to
do with life on Barth, its maintenance, and its enjovment, Determining these objectives
requires sacictal consensus, which may or may not be achievable. For purposes of dis-
cussing the concept. u reasonable exposition of the Grand Objectives is the following:

The £ Objective: Maintaining the existence of the human specics

The £2; Objective: Maintaining the capacity for sustainable development and the
stability of human systems

The £2; Objective: Maintaining the diversity of life

The £, Objective: Maintaining the acsthetic richness of the planet

IT it is granted that these objectives are universal, there are certain basic societal
requirements that must be satisfied if the objectives are to be met. In the case of Q).
these are the minimization of environmental toxicity and the provision of basic needs:
food, water, shelter, as well as the development of social and environmental resiliency
adequale to maintain the species in light of low probability or unanticipated challenges
(e.g., nuclear winter). For £, the requirements are » dependable energy supply, the
availability of suitable material resourees, the existence of workable political strue-
tures, and minimizing cultural conflict. For ©;, it is necessary 1o maintain a suitable
amount of natural areas and (0 maximize biological diversity on disturbed areas,
through, for example, the avoidance of monocoltural vegetation. Perturbations due Lo
rapid shifts in fundamental natural systems such as climate or oceanic circulation must
alse be addressed under this objective. £y requires control of wastes of various Kinds:
minimizing emissions that result in smog, discouraging dumping and other activities
leading 1o degradation of the visible world, encouraging farming and agricultural
practices that avoid land overuse and crosion, and the preservation of commonly held
undeveloped land.

The @ framework is an important prerequisite to determining what societal
activities would be desirable, but the framework does not ensure progress loward
achieving the objectives, especially when social consensus is involved. That progress
results when desirable actions encouraged by the framework occur over and over again.
In an industrialized society, a number of those actions are decisions made by product
designers and manufacturiog engincers. Thus, technological recommendations informcd
by the Grand Objectives are one means by which favorable decisions can be made.

Linking the Grand Objectives to Environmental Science

The Grand Objectives arc, of course, oo general to provide direct guidance to the
product designer, who deals with specific actions relating Lo environmental concerns.
The objectives and concerns can readily be related (sce ‘Table 2.4), but industrial deci-
sions often require, in addition, a ranking of the relative importance of thosc concerns.
This requirement is, in fact, a throwhack (o the philosophy that socictal actions should
be taken so as o produce the maximization of the good, and it produces in turn the
question, “How docs society determine the best actions?”
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TABLE 24 Redating Environmental Concerns to the Girand Olsjccllvn.:rn_

Grand ubjective Environmental concert

027 Human specics existence
1. Global climate change
- Human orgamsm damuge
3. Water availability and quality
. Resource depletion: fossil fuels
. Radionuclides
M
. Waler availability and quality
. Resource depletion: fussil foels
. Resource dephetion: nun-fossil fucls
. Landfill exbaustion

a5 ol

Lh o

€1y Sustainable developme:

PO

£24: Biodiversity )
3. Water avaitability and quality
H. Loss of bodiversily
9. Simtospheric ozone depletion
10. Acid deposition
11, Thermal pollstion
12. Land use patterns
12 Aesthetic richness
13. Smog
14. Aesthetic degradation
15. Oil spills
16. Odor N

Note:The pumbers i the sight column are fog kaler 1eference putposes.

The particulnr difficulty of identifying the best actions pf s?cicly in this
instance is that societal activities related to the environment inevitably involve
trnde-offs; wetland preservation versus job crention, the lack of greenhouse gas
emissions of nuclear power reactors versus the chance of nuclear accident, or the
preservation and reuse of clothing versus the cnergy costs required for clcumn_g. to
pame but 1 few. To enable choices to be made, many have proposed that environ-
mentnl resources (raw muaterials, plant spucies, the oceans, ete.) be assigned
cconomic valpe so that decisions could be market driven. tl‘hc concept, though
potentially quite useful, has proven difficult to put umto practice, and this has been
further confounded by the fact that the scientific lmdcrstm}dmg of many _u[ the
issucs 1o be valued is itsell evolving and thus would require that valuation be
onti sly performed. )
Lom“a‘:\)'::l“llﬂs uncertain and shifting foundation for relative ranking, how might
specific environmental concerns, several of quL:Il are responsive 1o one I(,)r more of tll;B
Grand Objectives, be grouped and prioritized in an organized manner? We begin by
realizing that sustainability ultimately requires

e Not using rencwable resources fnster thun they are replenished

» Not using nonrencwable, nonabundant resources faster than rencwable substi=
tutes can be found for them
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= Not significantly depleting the diversity of life on the planet
o Not releasing pollutants faster thin the planet can assimilate them

‘The relative significance of specific impacts can then be established by consid-
eration of those goals in accordance with the following puidelines for prioritization:

« 'Ihe spatial seale of the impact (large scales being worse than small)

The severity andfor persisience of the hazard (highly toxic and/or persistent
substances being of more concem than less highly toxic andfor persisient
substances)

‘The degree of exposure (well-sequestered substances being of less concern than
readily mobilized substances)

The degree of irreversability {easily reversed perturbations being of less concern
thin permanent impacts)

The penalty for being wrong (lenges remediation times being of more concern
than shorter times)

These general criteria are perhaps too anthropocentric as stited, and are, of course,
subject to change as scientific knowledge evolves, bul are nonetheless a rensonable
starting point for distinguishing lighly important concerns from those less important.
Using the eriterin and the Grand Ohbjectives, tocal, regional, and global environmental
coneerns can be grouped as shown in ‘Table 2.5. The exact wording and relative positioning
of these concerns are not critical for the present purpose; what is important is that most
actions of industrial society that have potentially significant environmental implications
relate in some way to the list.

Of the seven “crucial environmental concerns,” three are global in scope and have
very long timescates for nmelioration: global climate change, loss of biodiversity, and
ozone depletion. The fourth eritical concern relates to damage 1o the human organism by
loxic, carcinogenic, or mutagenic agents. The fifth critical concem is the availability and
quality of water, a concern that embraces the magnitude of water use as well as
discharges of harmlul residues (o surface or ocean waters. The sixth is the rate of loss of
fossil fuel resources, vital (o many human activities over the next century, at least. The
seventh nddresses humanity’s use of land, a foactor of broad influence on many of the
other concerns.

Four additional coneerns are regarded as highly important, bul not as crucial as
the first six. The first two of these, acid deposition and smog, are regional-scale impacts
accurring in many paris of the world and closely related to fossil fuel combustion and
other industrial activities. Aesthetic degradation, the third highly important concern,
incorporates “quality of life" issues such as visibility, the action of airborme gases on
statuary and buildings, and the dispersal of solid and liquid residues. The final concern,
depletion of non-fossil fuel resources, is one of the motivations for current efforts to

recycle materials and minimize their use.

: Finally, five concerns are rated os less important than those in the first two group-
ings, but still worthy of being called out for attention: oil spills, radionuclides,odor, thermal
pollution, and depletion of landfill space. The justification for this grouping is that the
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TABLE 25 Significant Envitonmental Concerns

Crucial environmenal concerns

1. Global climate change

2. Human osganism damage

1. Water availability and uality

4. Depletion of fossil fucl resourees
8. Loss of biodiversity

9. Stratospheric ozone depletion
12. Land usc patterns

Highly imporiant environmenial copcerns

6, Depletion of non-ossil fuel resources
10, Acid deposition

12. Smog

13. Acsthetic degradation

Less imporiant environmental concems

5. Radionuclides

7. Landfill cxbaustion
11. Thermal pollution
15. Ol spills

16. Odor

Note: The numbers are those of Table T4 Within 1l groupings,
he bers ate fur rel pusp and d it indicate nager
of importance.

clfects, while sometimes quite serious, tend to be local or of short time duration or both,

when compared with the concerns 1n the first Lwo groups.

Targeted Activities of Technological Societies

mental impacts of human activitics follows, at least in
s the recognition of an environmental concern
Objectives. Global climate change, for example,
hat concern is identified, industrial ccologists
study the activities of humanity that are related to it For global climate change, the
activities include (though are not be limited 10) those that result in cmissions of
greenhouse gases, especially COz, CHy, N;O, and CFCs; Table 2.6 lists a number of
cxamples. The concept is that societa! activities from agriculture 1o manufacluring 1o
transporiation to services can be evaluated with respect to their impacts on the Grand
Objectives and that the link between activities and objectives is the purpose for the
environmental evaluation of products, processes, and [ acilities.

A characteristic of many of the activitics of a technological socicty is
that they produce siresscs on morc than one of the environmental concerns.
Similorly, most environmental concerns afe refated 1o a specteum of socictal activi-
\ies. This analytical complexity does not, however, invalidate the framework being

developed here,

"The mitigation of the environ
principle, a logical sequence. First i
related to one or more of the Grand
is related to two: £, and £23. Next, once t
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: 6. Resource depletion: fossil fucls

T % 7. Land use paticms
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TABLE 2.6 Targeted Activitics in Connection with Crucial Eavironmcatal Concerns

Eswironmental conce T ivi
nial concern Targeted aclivity for examination

L§ Fossil fuel combustion
1.2 Cement manufucture
1.3 Rice culivation
1.4 Coal mining
1.5 Ruminant pepulations
1.6 Waste treatment
1.7 Biomass burning
LK Limission of CFCs, FIFCs, N O
21 Loss of habitat
2.2 Fragmentation of habital
2.3 Herbicide, pesticide use
24 Discharpe of 1oxins (o surface waters
25 Reduction of dissulved oxygen in surface waters
2.6 Oil spills
i? Depletion of waler resources
R Industrial develu, il sl
3. Stratusphieric ozone depiction 3.1 Ewmission ol (‘F("smmm e canpiem
1.2 Emission of FICFCs
A3 Emission of hatons
3.4 Emission of nitrous oxide

4. Human organism damage 4.1 Emission of toxins (o air
4.2 Emission of 1oxins to wiler
43 Emissiun of carcinogens Lo air
4.4 Emission of carcinogens 1o waler
4.5 Emission of mutagens 1o air
4.6 Emission of magens to waler
4.7 Emission of radioactive materials to air
4.8 Emussicn of radioactive materials to water
449 Disposition of oxins in Jandfills
4.10 Disposition of gens in landfills
411 Dispusition of mutagens in landhills
4.12 Dispostion of radioactive matedals in landfills
A4.13 Depletion of water resources

5. Water availability and guality 5.1 Use of herbicides and pesticides
5.2 Use ol agricullural fertilizers
53 Discharge of 1oxins to surface walcrs
5.4 Discharge of carcinogens to surface walers
3.5 Discharge of mutagens 1o surlace waters
5.6 Discharge oof mdivactive materials to surface waters
5.7 Discharge of 1oxins th grosndwaters
5.8 Discharge of carcinogens 1o groundwalers
5.9 Discharge of muagens to g 1 ™
5.10 Discharge of radioactive malerials to groundwaters
5.11 Pepletion of water resources
f.l Lise of fossil fuels for energy
6.2 Uisc of fossil Tuels as fecdsiocks
7.1 Lishan spraw]
7.2 Agnculiural disruplion of sensitive ecusystenis

1. Global elimate change

2. Loss of biodiversity
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Actions for an Industrialized Society

The final step in the struclured SsCsSmEnl Procuss we ure describing is that, given

activities for examination, analysis can generate spuci
improve the environmental and social responsibility of

fic design recommendations 0
their products.

Thus, the overall process described here occurs in four stages: (1) the definition by

society of its Grand Objectives for life on Earth, (2) the

identification by environmental

seientists of environmental, societal, snd sustainability concerns related to one or more
of those objectives, (3) the identification by technologists and social scientists of activities
of society related to those concerns, and (4} the appropriate modification of those netivi-
ties. Nute that implementing, the fourth step in this sequence depends on accepling the
definition of step one, believing the validity of step two, und acknowledging the correct
attribution in step three, bul not necessarily in knowing the magnitude of the impact of
step four on improving the environment, that is, the information that is needed tends W

be qualitmive, not gunntitative. From the standpoint o

[ the industrial manager or the

product design cngineer, what is important 1s knowing that if step four is taken the
corporation's environment and sustainability performance will be improved Lo nt Jeast
some degree, and, perhaps at least as important, knowing that customers and policy
markers will regard the action as a positive and thoughtful one.

In overview, the four steps of the process are schematically displayed in Figure 23,in
which it is elear that their influepce on the Grand Objuctives delermines the impottance of

each of the environmental concerns and that each of the

environmental concems leads to

a group of activities for exarmination, cach of which in lum lends jo a set of product design
recommendations. Note thal ench of the Grand Objectives and most eavironmental
concerns el 1o a number of recommendations, rather than to only one or two, and,
conversely, many recommendations respond o more thin one eavironmental concem and
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cycle nssessment. Fach of the four grand challenges1s refuted 1o
2 number of concerns, such s climate change {each concern
supgested be a horizontal back; similarly, cach of the concems 1s
related 10 u number of activities, such as fossil fucl combustion
(agam, hurizontal bars indicate different nctivities): ond ench
activity 15 relatedt o a number ol recommendations, suclh as

highes-efficicncy combiustion, As nofed al the

battem, different

specialist fields treat different stages in the scqueace.
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rhups mo ; e GG jecti
I::[mj ;ns;:; ‘ren:‘]:.m one Grand Ohj.ccli.\.'c. As shown at the bottom of the diagram, the
| cunnec[i()nllsqmuzgi :'I:l_t. lGlr:md Objectives and recommendations provide logical i['lll.l'
| i ocietnl consensus, envi M seience, i i "
: us, cnvironmental seience, and industrinl ecology.
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'EXERCISES :

2.1 Section 2.2 propeses tha i
¥ 5 A at al 25-50 years is i A~ . "
Al timcscale. Do you agree’ Explni“.y the best choice for a sustainability planning

2.2 Use the information in Thble 2,1 i
: ; i 1 10 estimate i ina" i
£ automebile. Clearly show your reasoning. ¢ o S Foul e oo “Suattaabi ="
2.3 Consider the guantitntive sustainability example of greenhouse gases in Section 2.3.3, Di
. Discuss

the 0'“]0“5 for allocating the allowable CO, cmussions, logether wi th the bencfils o h-
g i h (] nd prol

.

24 Scction 2.4.1 defines four
1 241 defines example” Grand Objective inabili
that this is the ideal set? If so, why? If not, prt.scll]ll.‘:l':(‘;ﬁls?l:s:l:llt‘:l:::ll::::l; Do you ngee
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