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Summary

Recycling, substitution and product life extension are identified as
significant factors contributing to an extension of the time to exhaustion
of industrially important materials.

A quantitative assessment of the signficance of virtually all
materials to the U.K. is made. Copper is identified as one of the most
important materials deserving of further investigation into potential
resource savings through increased recycling. The other factors listed
above are accounted for in the modelling technique employed.

United Kingdom copper flows are qualitatively and statistically
‘described for the years 1949 - 1976. Less accurate statistics are developed
for 1922 - 1948.

Adaptive expectations type causal models of total, unalloyed, and
alloyed copper demand are successfully constructed and are used to generate
future scenarios. Evidence is demonstrated for a break in the historical
link between U.K. copper demand and industrial production.

Simple causal models of potential copper scrap supply are constructed
and a comparison made with actual old scrap withdrawals. Accurate adaptive
expectations type models of total scrap demand are developed, but no
conclusion is reached about the price elasticity of scrap demand.

various scenarios of copper goods demand are forecast and their effec
on copper scrap demand. The potential to recover up to an extra lOO;OOOT
tonnes/year of generally lower grade old scrap is identified.

Policy options are examined and the following recommendations made:

1) A total investment of up to £67 million in secondary refining
capacity by the year 2000 is needed. .

2) The copper scrap content of copper bearing goods should be
specified to aid recovery.

3) A U.K. copper scrap buffer stock scheme would be advantageous
for the secondary copper industry.

Finally the methodology used is sutmarised for potential application
to other materials.
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CHAPTER 1 - INTRODUCTION

The publication of "The Limits to Growth" in 1972 (1) re-emphasised
previous comments on the potentially catastrophic results of a continuing
exponential growth in the use of limited mineral resources. What made
this work different was the computing power used to model global issues
- a previously unrealistic task. while the arguments on the validity
of the assumptions used and conclusions reached continue, the Meadows
model achieved its purpose; to direct attention to the possible results
of an increasing standard of living and/or population.

¢ Additionally, the Yom Kippur War of 1973 revealed the dependence
of developed countries upon imports of strategically important materials.
potential geographical instability prompted other workers to improve on
the "Limits to Growth" model by disaggregation into sub-global systems
and investigating the flows between these systems. At national level,
governments have started to investigate the future ;upply of strategically
important materials. In industry, successive world and national economic
recessions coupled with rising raw material costs in real terms have
prompted both the more efficient utilisation and the use of alternative
materials.

The exploitation of recycled materials satisfies many of the
problems outlined above and, as well as contributing to national
interests, benefits may arise such as lower import bills, better Balance
of Payments figures, increased employment, reduced energy consumption
and a more stable source of supply. Counter-balancing these benefits
are, for example, the social and political'problems resulting from
reduced virgin production in developing countries. |

The United Kingdom (UK) is a prime example of a nation which

lacks some essential indigenous raw materials and so relies



heavily upon imports of raw materials essential to its future as a
trading nation. For this reason, the UK is particularly affected by
international affairs beyond its control, making economic planning
difficult. This was particularly true with respect to oil supplies
before the discovery of North Sea 0il. If the UK can become less
reliant upon imported raw materials and more dependent upon indigenous
supplies, and in particular recycled materials, then a tangible benefit
upon the economic performance of the UK could arise;

Unfortunately the overall aims of government towards resource
management do not always concur with the views of industry. In
particular, there is believed to be a view by industry that consumers
view some secondary materials as second rate and industry is therefore
concerned thata change towards recycled products will affect demand.
Additionally, certain policies, such as decreasihé imports of raw
materials by extending the useful lifetime of fabricated‘goods, are
contrary to the planned obsolescence approach adopted by some industrial
sectors.

This project aims to examine the potential for reduced UK
consumption of primary resources and to identify the effects of any
such reduction on the UK economy and industry. Policy tools available
for achieving this potential will be examined and recommendations made.

The methodology adopted in this project is not entirely a
conventional economic analysis but, instead, reflects an engineering
approach in the form of a classical mass-balance accoqnting system
examining inputs, outputs and accumulation. This is supplemented,
where appropriate, by economic analysis to model selected flows centering

around the potential supply and demand for recycled material.



In the first part of the project, the evidence for concern over

the time to exhaustion of a range of materials is examined and alternatives

to continuing exponential growth examined. These altefnatives include
recycling and the advantages and disadvantages of this alternative are
presented. A method of assessing the significance of materials to the
UK using a series of weighted selected criteria is then developed and
copper is selected as a prime candidate for further investigation. UK
copper flows are examined and statistically defined. Deficiencies

in available statistics on these flows and the structure of the UK
copper industry are identified before discussing the end-uses of copper.
The annual statistics on copper flows are used to provide both a
"snapshot" in any one year, and to examine trends in one or more flows
over a number of years.

In the second part of the project, a modelling technique is
selected to model selected UK copper flows. An examination of copper
prices shows that modelling of this particular variable is‘beyond the
scope of this project. Successful models of total, unalloyed and
alloyed demand are constructed. The flow of copper goods after their
useful life is examined and a comparison made of scrap supply and
demaﬁd. The destination of unrecovered scrap is studied for increased
recovery potential.

Scrap demand is modelled before forecasts of future scrap supply
and demand are made, the potential for increased recovery identified
and the necessary investment required to realise this potential
estimated. The policy options available to promote the use of the
potentially recoverable copper scrap are examined and recommendations
made.

Finally, the methodology developed in this work is summarised so

that its application to other materials is possible.



CHAPTER 2 — THE SIGNIFICANCE AND OPPORTUNITIES FOR RESOURCE CONSERVATION

2.1 Introduction

The recurring controversy about the adequacy of natural resources
to supply future needs was accentuated by the publication in 1972 of "The
Limits to Growth"™ (1) and "Blueprint for Survival" (2). The pessimistic

view is that at the present rate of consumption many important resources

will be exhausted within approximately fifty years, i.e. within one
generation, so raising immediate concern. The optimistic view is that
there is no need for concern by this or the next generation, i.e. there
will be no significant exhaustion of resources in the next hundred years.

Historically the optimistic view has been justified, mainly because
the rate of consumption of mineral reserves has been relatively small
canpared to total reserves. However, since the Second World War consumption
and, more importantly, the rate of increase in consumption have risen
dramatically, even to the extent that it has been estimated that more
mineral reserves have been used in the United States since the Second
World War than in the entirety of previous history.

The current disagreement over the adequacy of mineral resources
revolves around the validity of the estimates of the absolute supply of
available resources and the time to exhaustion of these resources. This
chapter examines the definition of resources and reserves without dwelling
upon the problems of their measurement, as this is beyond the scope of
this project, and goes on to examine various means of assessing their
ability to supply in future yeérs. Defiﬁitions are then given for the
various material flows through an economy followed by a discussion on

the advantages and disadvantages of recycling and the need and mechanisms



of obtaining the socially optimum recycle ratio. Finally, the alternatives

to recycling and the possibility of non-exponential growth are examined.
A discrete literature review is not included as, by the nature of
the project, relevant references are included where appropriate through

the dissertation.

2.2 Reserves, Resources and Life Indexes

2.2.1 Definition of Reserves and Resources

In 1961, the U.S. National Resources Committee defined é natural
resource as any naturally occurring element, product or force that can be
used by man in his contemporary environment (3). Such a definition
includes renewable and non-renewable resources. Non-renewable resources
are materials that have been built up or evolved on a geological time
scale and cannot be replaced except over a similar time period.

Although not included in the National Resources Committee, definition,
non-renewable resources may also be broken down into those that in normal
use remain fundamentally unchanged, (such as copper or iron used in
motor vehicles) and so are always potentially available for recycling,
and those that are altered during use in such a way as to make them
unamenable to recycling. Examples of the latter include fuels where

the combustion products are irretrievably lost. This breakdown will

be discussed in more detail in Sectioﬁ 2.2.4. Renewable resources are
defined by the National Resources Committee as those that may be

renewed within a geologically short period, normally from solar energy

e.g. trees, livestock and wind and waves.
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The definition and graphical representation of reserves and

resources 1s complex and a basic outlihe only will be given here without
dwelling upon the methods of their aésessment.

McKelvey (4) developed previous work by Blondel and Laskey (5) to
form a classification system which has been adopted by the U;S. Bureau
of Mines (USBM) and the U.S. Geological Survey and is shown in Figure 2.l.
The abscissa and ordinate pro?ide the framework for the classification
and represent the two principle variables, namely the quality and magnitude
of resources and the relationship of.the two variables shows the

feasibility of their recovery.

Using McKelvey's system, the definitions in Table 2.1 and Table 2.2

refer to the geologic and economic axes of Figure 2.1.




Using these definitions it is now éoésible/to define amongst others,
reserves and resources as given in Table 2.3.

The McKelvey classification may be simplified by considering only
the relationship between price and quantity available for extraction
as exemplified for Uranium in}Figure 2.2. Price affects the quantity
available for extraction by either making a currently uneconomic process
viable or by making low grade material economic to extract (As a point
of interest, for uranium, an increase in price by a factor of ten increases
reserves by about the same factor, although this is not so for all minerals).
More importantly, the reserve size provides a lead-time for further
reserve increases either by new discoveries or technological progress.
If reserves are not added to in this lead time, rising prices due to
shortfalls in supply will make previously sub-economic reserves economic.

Enormous price rises would be necesary before all resources became economic.

Table 2.1 — Definitions Relevant to the Geologic Axes of Figure 2.1

1. Measured Resources : Material for which estimates of
quality and quantity are
available to within 20%.

2. Indicated Resources : . Material for which estimates of
quality and quantity have been
computed from samples and
reasonable geologic projections.

3. Demonstrated Resources : 1+2 Measured resources + indicated
resources.
4. Inferred Resources : Materials in unexplored but

identified deposits for which
estimates of guality and quantity
are based on geologic evidence and

projection.
5. Identified Resources : 1+2+4 Demonstrated + inferred resources.
6. Hypothetical Resources : Undiscovered material in known :

mining areas. Exploration confirming
their existence will allow their

reclassification.
7. Speculative Resources : As hypothetical resources but in areas
where no discoveries have been made.
8. Undiscovered Resources : 6+7 Hypothetical + speculative resources.
g, Total Resources : 5+8 Identified + undiscovered resources.

(or 1+2+4+6+7)




Table 2.2 — Definitions Relevant to the Economic Axis of Figure 2.1

1. Economic : Resources which are currently
economic to extract.
2. Paramarginal : Resources which border on being

economic or which are not available
because of legal or political
circunstances.

3. Submarginal : Resources which would require at least
a 50% increase or a major cost
reducing advance in technology before
extraction become paramarginal or

. economic.
4. Sub-economic : 2+3 Paramarginal + submarginal.

-+

Table 2.3 — Definitions of Reserves and Resources using Figure 2.1

a. Resource : btc A concentration of naturally
occurring solid, liquid or gaseous
material in or on the earths.crust
in such form that economic
extraction is currently or
potentially feasible.

b. Identified Resources : Specific bodies of material whose
location, quality and quantity are
known from geologic evidence
supported by engineering measure-
ments with respect to the demonstrated
category.

c. Undiscovered Resources : Unspecified bodies of material surmised
to exist from broad geologic
knowledge and theory.

d. Reserve : d b ¢ The portion of an identified resource
from which a usable commodity can be
economically and legally extracted
at the time of determination.
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Figure 2.2 — Availability of Uranium at Different Price Levels (6)

2.2.2 Reserve and Resource Estimates for Various Materials

The quantity and quality of reserves and resources are continually
changing as material is extracted, new discoveries made and price changes
occur and as a result any estimates of reserve and resource size are
dependent upon the time of their estimation. The definition of reserve
size given in Section 2.2.1 includes a twenty per cent error margin

and the definition of a resource precludes any accurate measurement.

These factors together with limitations on available data, the effect of
price ghanges, new discoveries and technical developments, produce
continual changes in the physical estimates of reserve and resource
size.

Rajaraman (5) presented 1973 data on the size of some of the
reserve and resources defined in Section 2.2.1. Thesedataare given in

Table 2.4 as a function of reserve size.



Table 2.4 - Relationship Between Reserve and Resource size for
Various Materials (1973) (After Rajaraman (7))

Sub—economic TIdentified Undiscovered Total resource
Material resources resources resources

Reserve size(a)| Reserve size(b) | Reserve size(c) | Reserve size(d)
Aluminium n.a. (e) n.a. (e) n.a.(e) Very large
Chromium 1.61 2.61 2.16 4.77
Cobalt 0.67 1.67 n.a. (e) n.a.(e)
Copper 1.63 2.03 1.95 3.98
Iron 1.60 2.60 n.a.(e) n.a.(e)
Lead 10.42 11.42 1.46 12.88
Manganese 1.19 2.19 1.53 3.72
Molybdenum 5.70 6.70 : 234.04(£) 240,74 (£)
Nickel 0.52 1.52 n.a. (€) n.a. (€)
Tin 3.77 4.77 4 .00 8.77
Zinc 11.71 12.71 30.08 . 42.79

Notes to Table 2.4

to feserve SVES .
(a) Ratio of ——— =~ sub—economic resource size;‘ To be

re—classified as reserves a real price increase would be necessary.
(b) Ratio of reserve size to identified resource size. Includes
both reserves and sub—economic resources.
(c) Ratio of reserve size to undiscovered resource size. Includes
both hypothetical and speculative resources{mpproxhwaib valves m433
(d) Ratio of reserve size toO total resource size. Total resource
size includes identified and unidentified resources(aPpwx'\mh valoes o~\3>
{e) n.a. = not available.

(f) Does not include speculative resources.

In the short term the ratios of sub-economic and identified resources to
reserve size are important when considering potential material supplies
and these resources could, with a price and technology changg become
reserves. The other ratios given for undiscovered and total resources
reflect the long term potential supply of the materials concerned
assuning dramatic changes in price and technology. Table 2.4 shows that

identified resources are normally double the reserve size for those

_ll_




materials listed, with the exceptioﬁxbf7ié;a;;mblybGEnum, tin and Zinc
where ratios of.ll, 7, 5 and 13 respectivelf occur. In the case of
molybdenum and zinc very large undiscovered resources are predicted
indicating that deposits may be readily discovered (possibly as a
result of exploration for other minerals) which will increase the
identified resource figure. A similar argument may be applied to the
discovery of lead deposits where they are in association with other,

more precious materials e.g. copper.

While reserve:resource ratios are useful tools for assessing
potential resource size they ignore the role of technology and economics
in determining mineral supplies. It may be argued that there were no
uranium reserves one hundred years ago since uranium was not a known
economically useful mineral, but clearly uranium has always been a
resource; only reserves of uranium have increased. Germanium was
identified in 1886 but there was no demand for it until the transistor
was developed in the 1940's. Aluminium, beryllium, cadmium, columbium,
magnesium, tantalum, titanium, tungsten, uranidm, vanadium and zirconium
have all come into use in industry only in this century (8). While
the degree of exploration success and technical factors determine the
size of reserves and the reserve to resource ratio, the only
hypothetical upper limit which may be placed upon resource size is

governed by the crustal abundance of the material in question.

2.2.3 Crustal Abundance, Reserves and Resources

In 1960 McKelvey (9) showed that there is a fairly close
relationship between reserves in the U.S. and the crustal abundance

of materials in the Earth's crust; Sekine (10) showed that the same
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relationship held in Japan and not unexpectedly Govett and Govett (11)

demonstrated that the relationship is also true on a global basis.

The relationship between world reserves and the crustal

abundance is shown for sixteen common metals in Figure 2.3.
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Figure 2.3 Relation between world reserves and continental crustal

abundance for sixteen cammon elements (11)

All industrially important elements, with the exception of aluminium,

cobalt and vanadium fall into the band
R = 6.8A x 10° to R = 100A x 102

where R = reserves in tonnes and A = average abundance in the continental
crust in ppm. This is a spread of approximately one order of

magnitude. For the materials that fall outside this range the following
arguments may apply. In the case of aluminium the large amount of
aluninium in clay materials which are not presently regarded as reserves
would bring it up to the lower limit of the relationship. Cobalt and

Vanadium are largely by-product metals of other ores.
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The above correlation might be expected, but for the correlation

to be useful it is necessary to determine a reasonable upper limit for
the correlation constant. Figure 2.4 shows reserves of lead, copper,
zinc, chromium, manganese and iron for 1948, 1965 and 1970. Lead,
copper and iron show an increase over the whole period while manganese,
chromium and zinc show fluctuations. For zinc, reserves were

stationary from 1965 to 1970 while manganese and chromium show definite

N

decreases.
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Figure 2.4 variation of world reserves and crustal abundance with

time (11)

The enormous increase in iron reserves is often cited as cause for

optimism regarding reserves of other elements, but it is not

geologically reasonable to assume that the concentrating mechanism
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of sedimentary processes will be duplicaiedffdkfbiher~elementh

What the relationship between crustal abundance and reserve size
does indicate is that exploration should reveal considerable
additional supplies of those metals which fall into the lower range of

the relationship:
R =6.88 x 10° to R = 100A x 102

A corollary is that if the upper limit of the relation is raised by
new discoveries of one or more metals, it should give. ilmpetus for
renewed exploration for other metals. Many of the materials that lie
close to the upper limit line of Figure 2.3, are those sought and used
in ancient times while those close to the lower limit are those
relatively new to industry. This would suggest that new, large
discoveries to raise the upper limit are unlikely.

This section has shown how reserves and resources are defined and
their relative size illustrated. Prospects for an increase in
reserve size have been examined and it is coﬁcluded that significant
increases are unlikely for materials which have been used since
historic times but that increases for the newer materials, such as

aluminium, are likely.

2.2.4 The Time to Exhaustion of Various Materials

The time to exhaustion is a popular concept implying that at a
certain future point in time no reserves of a material will be
available for extraction. This takes no account of the Law of
Conservation of Matter which strictly states that no matter can be
created or destroyed. This means that although reserves (and
resources) of a material may have been exhausted, material produced

in the past still exists. In the case of hydrocarbon energy resources
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past production will exist in thevférm’of éafbdﬁfaioxide and water
making recovery virtually impossible. 1In the case of most non—energy
resources past production will exist in a relatively pure form
although possibly widely dispersed. Such material has potential for
recovery and if for example the concentration of copper ores falls to
the equivalent concentration of copper in scrap automobiles or derelict
buildings, then attention will be turned to these sources to help to
satisfy continuing demand. In spite of thesé limitations, the time
to exhaustion is a useful indicator of the availability of materials
provided that its limitations are accepted.

In this section the various methods of determining the time

to exhaustion will be examined and figures given for specific materials.

2.2.4.1 Renewable Resources

Renewable resources, as defined in Section 2.2.1, are not fixed
in size, during any time period trees, for example, are at various
stages of development from initial growth to decline. This dynamic
behaviour contrasts with the static or fixed size of non-renewable
resources and makes any realistic estimation of the time to exhaustion
of renewable resources difficult, if not impossible{ The problem is
best explained by considering a given population of trees which,
provided they are not too numerous and not over—exploited may be
sustained indefinitely i.e. there is a Maximum Sustainable Yield which
may be defined as tﬁe maximum production flow which may be sustained
indefinitely without damage to the growth patterns involved, 1i.e.
there is a virtually infinite time to exhaustion under these

conditions.
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If the Maximum Sustainable Yieldtis/éXQéeded; for example by
excessive tree felling, then the effects will be felt in future years
when land errosion may occur. Lecomber (12) points-out that in
certain cases it may be optimal to exceed the Maximum Sustainable
Yield but only if the temporary gain in production can be set against
a fall in production of indefinite duration in future years. Such
situations arise only when the time horizon is short, for example
‘if there is a peak in demand for paper pulp after which a drop in
demand is anticipated or when the value of future production is heavily
discounted.

These factors make the time to exhaustion of renewable resources
difficult to measure accurately for specific materials, with assessment
varying from infinity to a few years depending upon the assumptions
used. The case of an infinite time to exhaustion has already been
discussed and is a result of careful resource management. The second
case of a few years would arise, for example, if all land was deforested
and used for building. For these reasons no further discussion will

be devoted to the time to exhaustion of non-renewable resources.

2.2.4.2 Non-Renewable Resources;Static and Exponential Life Indices

The Static Life Index (SLI) is a measure of the number of years
for which reserves could support global consumption at its present
level. For example, for copper with a reserve size of 279 million
tonnes and a world primary production of 5.34 million tonnes per annum
(13), then

reserve size (tonnes) 279 x 106

SLIL = = mmmmm—— 6 =.53 years
current consumption (tonnes/annum) 5.34 x 10

-17-




The SLI is useful as a rough guide to the Eiﬁe to/exhaustion of a
material, but it does not reflect any changes in consumption levels.
Its limitations are governed by the basiq assumptions underlying-its
formulation, i.e. that reserve size and consumption will remain
constant.

From the definition of a reserve given in Section 2.2.1 it is
known that reserve size is not constant, but is a function of several
other factors including:

1) Price of the material,

2) Grade of material,

3) Changes in extraction technology.
Of the above, the price of material is the most critical, affecting
the reserve size by moving the reserve size boundary along the economic
feasibility axis of Figure 2.1. As these movements in reserve size
are unpredictable they cannot be used to modify the SLI to a more useful
form except by updating reserve size as new reserve data becomes
available.

Even a cursory examination of virtually any material will show
an exponentially rising consumption curve with time. Figure 2.5 shows
growth curves for copper, nickel, aluminium and human population.

The Exponential Life Index (ELI) adapts the SLI to a more useful form by
taking into acount exponential growth in consumption, but using the same
reserve figure. The ELI is derived (by calculus) as:-—
Ln[(r x SLI)+1] In[(0.046 x 53)+1]
ELI = or for copper

r 0.046
= 27 years

where ELI = Exponential Life Index (years)
SLI = Static Life Index (years)
r = annual fractional growth rate (i.e 6% per annum, r = 0.06)
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Figure 2.6 shows the inaccuracy of the SLI for copper given that

demand is increasing exponentially. Another more extreme example is
that of chromium with a SLI of 420 years, which at a growth rate of 2.6
per cent per annum (1) reduces to an ELI of 95 years. The estimate of
2.6 per cent per annum growth rate is not critical as long as demand is
increasing by as little as one per cent per annum, the SLI for copper
reduced from 53 years to an ELI of 43 years.

Figure 2.6 also points out another implication of exponentially
growing usage rates. New discoveries increase the ELI by only a relatively
small amount. For example, at three per cent rate of growth in copper
consumption, a SLI of 53 years corresponds to an ELI of 32 years. If the
SLI were increased to 400 years, corresponding to anqykfold increase in
reserves, the ELI increases only to 86 years, a factor increase of less
than 2.7. Given exponentially rising demand, new discoveries of even the
largest magnitude may only slightly increase the long-term availability.

Table 2.5 shows SLI and ELI estimates from three workers for various
materials. The first column shows estimates for both SLI and ELI by
Meadows (1) while the second and third columns show ELI estimates by Tien

(16) and SLI estimates by Behren (17)
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Figure 2.5 - Growth curves for copper, nickel, aluminium and
human population since 1850 (14,15)
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Table 2.5 - Static and Exponential Life Indexes for Various Materials

MATERIAL Meadows (1)(1970) Tiens (16)(1970) Behren (17)(1970)
(b.c)

SLI rnr(a) | G(%) gr1(d) SLI
Aluminium 100 31 6.4 35 175
Chromium 420 95 2.6 112 560
Cobalt 110 60 1.5 155
Copper 36 21 4.6 24 40
Gold 11 9 4.1 17
Iron 240 93 1.8 109 400
Lead 26 21 2.0 15
Manganese 97 46 2.9 180
Mercury 13 13 2.6 13
Molybdenum 79 34 4.5 36 100
Nickel 150 53 3.4 140
Pt Group 130 47 3.8 20
Silver 16 13 2.7 14 20
Tin 17 15 1.1 25
Tungsten 40 28 2.5 51
Zinc 23 18 2.9 18 18
Notes

(a) calculated using G, 1.e.

(b) G
(c)

éverage annual growth rates
= Average annual growth rate assumed.
Source USBM Mineral Facts and Problems (1970)(13)

(d) Using assumed lowest predicted growth rate.
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Except for silicon, aluminium is the most abundant metal in the

earths crust and yet Meadows estimated that, at a growth rate in consumption

of 6.4 per cent per annum, reserves of aluminium will be exhausted within
31 years. The apparent contradiction is resolved by reference to Meadows
footnotes where he explains that he has counted only aluminium in known
reserves of bauxite. Examining these footnotes in more detail, Meadows
used as his source USBM Mineral Facts and Problems (1970)(13) which gives
a 1965 estimate of bauxite reserves that was less than one half of the
one given in the 1973 US Geological Survey document, US Mineral Resources
(18) which was Meadows source for the remainder of his estimates. The
1973 document also points out that virtually inexhaustible potential
reserves of aluminous materials other than bauxite exist.

As for iron, Meadows says that there may be reserves for only 93
years and that no estimates are available for potential reserves.
This is only partly true. The l973jUS Mineral Resources (18) did not
estimate hypothetical irop—ore resources beyond stating that they are
enormous. Similar arguments relating to the definition of reserves may
be put forward for magnesium aﬁd titanium with copper, zinc, manganese,
chromium, lead, nickel and tin probably inexhaustible. Table 2.6 shows
1968 estimates of world consumption of certain metals together with an
assessment of future supplies (19). Over 95 per cent of world demand by
weight is for five metals which have long times to exhaustion even with
high growth rates, ie. iron, aluminium, silicon, magnesium and titanium.
Of the remaining five per cent, new discovefies, new sources, advancing
technology, potential for recycling, substitution and functional design
are all expected to make seven metals or 4.85 per cent of world demand
probably inexhaustible. If the generaliy qualitative arguments put
forward by Goeller and Weinberg (19) and Kann (20) are correct then

concern need only be felt for the remaining 0.04 percent of world demand,

-21-




although it is difficult to believe that the effects of continuing exponential
growth, particularly in Third World or less developed countries is not
likely to have a significant impact upon the conclusions drawn.

In conclusion, the measurement of the time to exhaustion of important
materials is a complex problem dependent upon the assumptions used in
their formulation. Generally, future supplies of industrially important
non-renewable resources cannot be guaranteed if historical exponential
growth patterns continue. If these patterns do not continue, or if they
continue at a much lower growth rate, then supplies will probably be met
through new discovefies, advancing technology, substitution and changes
in functional design. These factors are discussed in Sections 2.4, 2.5, and
2.6.

Table 2.6 — Consumption of Major Industrial Metals Considered

Inexhaustible (19)

Metal Percentage of World
Consumption (1968)

Clearly Inexhaustible

Iron 89.83
Aluninium 4.47
Silicon 0.71
Magnesium 0.09
Titanium 0.01
Sub~Total 95.11

Probakbly Inexhaustible

Copper 1.35
Zinc ~0.97
Manganese 1.76
Chromium 0.45
Lead

Nickel 0.09
Tin 0.03
Sub—~Total 4.85
TOTAL 99.96
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2.3 MATERTAL FLOWS

Recycling may provide another means: of reducing demand: for virgin
materials by utilising raw materials more effectively. In-order to
provide consistent terminology the opportunity is taken here to define

terms to be used during the rest of this work, with particular reference

to recycling and associated terminology.

2.3.1 Industrial Flows

Figure 2.7 shows the flow of a material through the sequence from

extraction to discard.

Energy
Resource Raw Production
Reservoir Material System | Labour
Capital
5
Product
?E? = Reservoir
= Process
—# = Material flow Use
(D = Material involved
in the flow Reservoirs

Post=consumer
wastes

of post-
{::? consumer

Figure 2.7 — Generalised Flow of a Material from Extraction to
Being Discarded.

Raw materials, defined as materials in a form suitable for use as an
input for the manufacture of product from that material, are extracted
from the resource reservoir. The resource reservoir is a quantity of
material, containing the raw material in gquestion. If the resource
reservoir is naturally occurring then the raw material extracted is called
the primary or virgin raw material. The production systems uses labour,

capital and energy to give an output in the form of a material or service.
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The product then goes through a period of use during which its
performance deteriorates until it is of no further use ‘and is discarded,
in this case to the environment where it contributes to a reservoir of
similar discarded products. The size and location of these reservoirs
vary from the concentrated domestic refuse stream, measured in millions
of tonnes to the highly dispersed small reservoirs caused by the dropping
of litter in rarely visited locations. One definition of wastes is
materials that are cheaper to discard rather than collect and process,
that is, of nearly zero economic¢ value (at present). Wéstes may be
described as post-consumer waste, consumer waste, obsolete waste or
residual. No production systems is one hundred per cent efficient and
outputs other than the desired products arise. These production system
wastes or non—-product outputs are assumed, in this simplified example, to
be discarded to the environment in a similar way to post—consumer wastes.

In Figure 2.7 extraction of material from the resource reservoir is
generally preferred to reclamation of post-consumer waste. As the resource
reservoir is used up there will be a shift towards lower grade raw
materials with higher production process costs in the form of labour,
capital and energy. Eventually a point is reached where the cost of
collecting and processing post consumer discards in certain of the
reservoirs of discarded products is less than that for the primary or
virgin raw material and so they are used as a raw material instead, and
so "recycling" takes place. A more exact definition of recycling will be

given later and the term is used generally here.

2.3.2 Dissipative and Non-Dissipative Uses

Not all post-consumer wastes can be "recycled". Certain uses, for

example zinc in paint and copper in fungicides disperse the metals so
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completely that there is no current of’lifély fuégre-poSsibility of their
use as a raw material. These are termed dissipative uses. Other uses,
for example paper in domestic refuse and copper tube in house demolition
leave the post—consumer discards in a concentrated form in locations
where recycling could take place. (The term post~consumer waste is not
used as the materials in question do have an economic value. Instead,
the term post—consumer discards has been used). These uses are defined
as non—dissipative uses. Both dissipative and non-dissipative uses are

shown schematically in Figure 2.8.

Raw Production
material’ = process
Non—dissipative Dissipative
uses uses
Post—consumer Post—consumer
discards wastes
Potentially "lost" to the
available for environment
"recycling”

Figure 2.8 - Dissipative and non—dissipative uses

For economic, social and organisational reasons, rather than lack
of technology much material is dissipated today that could be "recycled".
A NATO report (21) estimated for Western countries the fraction of metals
from mine production dissipated for various metals. These estimates are
given in Table 2.7 and show that approximately 30 per cent of metals

mined each year are consumed in dissipative uses with no possibility of
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Table 2.7 - Dissipative Uses of Selected/Metéls‘in Western Countriesf(Zl)

Fraction of Fraction of | Total
Metal |mine production| Examples mine production Examples Fraction
dissipated currently dissi-  not
beyond recovery; pated but techni- recycled
cally (if uneco—
nomically) recoverable
Ag 0.2 Photographs 0.3 Brazed joints 0.5
Mirrors Electrical
contacts
cd 0.5 Paint 0.5 Cd plating 1.0
Printing Ink Plastics
Co 0.3 Pigments 0.6 Magnets 0.9
Paint driers Cemented
carbides
Cu 0.05 Fungicides 0.4 Car radiators 0.45
lab. reagents Domestic
appliances
Hg 0.5 Dental fillings 0.3 Hg batteries 0.8
Paints Thermometers
l
Pb 0.3 Anti~knock 0.2 Bearing alloy 0.5
compounds Security seals
Ammunition
Pt 0.2 Razor blades 0.1 Electrical 0.3
contacts
Cardiac
electrodes
Sb 0.4 Porcelain 0.1 Plastics 0.5
Flame retardants Beaning alloys
Sn 0.2 Toothpastes 0.6 Tinplate
Pesticides Collapsible 0.8
tubes
W C.3 Machine tool 0.6 Lamp filaments - 0.9.
wear Welding rod
Ballpoint pens stubs
Zn 0.4 Fencing wire 0.55 Dry cells 0.95
Car tyres Die castings
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recycling. Estimates for individual metals vary from 5 per cent for

copper to 50 per cent for cadmium and mercury. Table 2.7 also shows the
effect of economics upon the fraction of material available for recycling
(i.e. from non—-dissipative uses) of total mine production. Estimates
vary from 10 per cent for platinum and antimony to 60 per cent for tin

and tungsten, reflecting the end-uses of each material.

2.3.3 _Waste Formation

There is a difference between production system Qaste (non-product
outputs) and post consumer waste as defined in Section 2.3.1. Production
system waste is normally of a known, consistent quality arisiné in known
quantities and specific locations i.e. within the production systems.

For these reasons, production system waste resembles the resource reservoir
more closely than post consumer waste which is normally of variable
quality and in unknown quantities and locations. As a result, production
system wastes/discards are the first choice as a potential raw material

source in place of, or supplementing, raw material from the resource reservoir.

Production systems may consist of three stages, concentration,
forming and fabrication and production systems waste/discards may be
broken down into two types according to the stage where they are generated,

as shown later in Figure 2.9. The first type, home discards, Or home

scrap in the metals industry, arises from the first two stages of the
production system, i.e. concentration and forming, when impurities are
removed from the raw material and the necessary shapes for the third
stage, fabrication are produced and consiéts of spiilages, off-cuts and

rejected material which can be fed directly back to the concentration or
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forming stages and contribute to the raw material stream. To differentiate
between these two inputs to the raw material stream the flow from the
naturally occurring resource reservoir is termed virgin or primary raw.
material (? term used in Section 2.3.1), and the flow, in the form of
home discards from the production system, secondéry raw material. In
modern industrial processes home discards are an essential component of
the production process due to their known quality, quantity and convenient
location and, where the concentrating and forming processes are associated
in the same plant, this type of discard does not normally appear beyond
the site walls i.e. it remains within the production process boundary
shown in Figure 2.9.

The second type of production process waste/ discard/scrap is new
waste or new discards/scrap which is a by-product of the fabrication
stage of the production system. This material is normally associated
with other materials so reducing its potential as a secondary raw material
without further processing. The important role of new waste/scrap will
be discussed in Chapter 4. New waste/scrap may be retained within the
production system, but normally passes through the production process
boundary where it either contributes to the secondary raw material stream

or is discharged to an environmental reservoir, as shown in Figure 2.9.

2.3.4 Regzcling

In the previous section recycling has been used as a general term
covering the use of a material in some application after it has passed
once through the production or consumer chain. This generalisation 1is
useful but does not satisfactorily describe the various type of recycling

which can take place. In this section these various types will be discussed

generally. The various types of recycling are:—
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1) Direct recycling (sometimes termg@;clgséd—loop,recYcling)»f~

The use of a material for its original use after treatment e.g. bottles
broken during use to cullet may then be treated to produce more glass.
bottles. Most direct recycling occurs in the production process (misshapen
product etc.) as this is the most consistent source of high grade
uncontaminated material. Some materials degrade in guality in recycling,
paper and plastics being two examples and in this case the next type of

recycling may be used.

2) Indirect recycling (or open-loop recycling)

The use of a material for a purpose different to its original use e.g.
glass bottles for road surfaces. Indirect recycling is normally used for
low grade discards as once a material is processed by indirect means it
is usually no longer available for further reprocessing. A special type
of indirect recycling is where the discard is converted under conditions
which provide for harnessing the energy released often termed energy

recycling.

3) Re-use
The reclamation of a material in its end form and its subsequent use in
the same form e.g. the re-use of glass bottles as glass bottles.

Confusion often arises over the interchangeable use of the terms

recycling, reclamation and re-use. In this report reclamation is defined
as the separating out and recovery of material or energy from waste
while recycling is a general term including reclamation and re—processing
of waste materials while re-use, as defined earlier, is a specialised
form of recycling.

Referring to Figure 2.9 there are three sources of potentially
recyclable material. These are home waste, new waste and obsolete, non-

dissipated waste. AS discussed previously home waste 1s normally of




consistent quality and supply in a locaﬁion;which enables its use as a
raw material for the process of which ig iﬁféﬁ§éste e;g; iron whicﬁ has
been retained in the sand troughs used to tap the-blast furnace. When
collected this iron may be fed directly back into the furnace. For these
reasons home scrap is rarely seen outside the production system.

The other waste flows, new waste and obsolete waste may be assumed
to pass to some form of independent waste processor. If a secondary
material is defined as a material that has been through some end-use,
such as obsolete waste then é secondary materials firm plant or operation
is one which practices reclamation on this secondary material to produce
a secondary raw material which is saleable. This material may then be
used in direct or indirect recycling processes Or re-used. Unfortunately
in the U.S. the term secondary material firms, plant or operation is
applied to both the firms processing the secondary material and to the
firms using the secondary material. In the J.K. the term secondary
materials firm is relatively rare, the terms scrap merchant, salvagers
and reclaimers being more common. Figure 2.9 shows the primary and
secondary chains together with the definitions given in this section.

This discussion of the large numbervand complexity of terms used in
resource management and recycling has shown that a great deal of confusion
can arise from their use unless care is taken to select the correct term.
additionally, recycling has been identified as a possible means of reducing
the drain on virgin raw materials and lengthening the time to exhaustion

of some potentially scarce materials identified in Section 2.2.4.

2.4 The Advantages and Disadvantages of Recycling

In Section 2.3 recycling was assumed to be a semi-automatic process
dependent upon a few nicroeconomic criteria. In practice, the decision

to recycle is a complex one involving micreconomics, macroeconoiics and
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social costs together with political considerations. It is often stated
that action should be taken to increase recycling activity but the
advantages and disadvantages of such an increase and, in particular, the
effect upon the U.K. has to be considered in the context of the apove
economic and social costs.

In this section, some of the major benefits and disadvantages will
be examined and their effects noted so that decisions upon recycling
activities can be discussed in later sections with a clear understanding
of the potential effects of such decisions upon the par£ies involved. As
such an examination is complex, some interreaction between sections will
be necessary and in some cases only a brief discussion will be given
because some aspects are beyond the scope of this project and are only
included to describe the complexity of the problem. In order to provide
a U.K. perspective and because many of the issues involved are national

rather than global in nature, reference has been made toO U.K. sources

whenever possible.

2.4.1 Reduced Drain on Natural Resources

Section 2.3.2 demonstrated that not all waste products may be
' reclaimed and recycled due to dissipative uses. This give a theoretical
upper limit to the fraction of material potentially recoverable as 0.95
for copper and 0.5 for mercury (as given in Table 2.7).
Taking the simplest case where consumption 1is assumed to be constant

over the period under consideration then the Static Life Index (SLI) is

given by
R
SLI = -
C
where R = reserve size (tonnes)
¢ = annual consumption (tonnes/year) .
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then if a fraction, f, is recycled, consumption of the resource equals

C-fC and

R
SLI = =~—=——— Oor

C - fC C(1-£)

Since without recycling the SLI would hae been R/C then recycling has
increased it by a factor of 1-f. Table 2.8 shows the effect of recycling

upon a resource with a SLI of 100 years.

Table 2.8 - The Effect of Varying Recycling Rates Upon the SLI

Fraction recycled SLI
o) 100

0.25 133

0.50 200

0.75 400

0.80 500

0.90 1000

0.95 2000

0.99 10000

It can be seen that, in the case quoted in Table 2.8, the recycling of
non-renewable resources will extend the SLI; but this will not be
significant until a factor of 0.5 to 0.9 or above is reached. Table 2.7
has already shown that a factor of this order is not currently achieved
meaning that a change in the dissipative uses of many materials is also
necessary.

Section 2.2.4.2 showed that the ELI is a more accurate measure of
the time to exhaustion of a resource than the SLI. Since the ELI involves
a growth situation where more material is consumed every year then the
fraction of material recycled each year (f) can never satisfy the total
demand for that material. This is shown in Figure 2.10 below for a
recycle fraction of 0.5 while Table 2.9 shows the effect of an increasing
recycle fraction on the ELI of a material with a growth rate of 4% per

annumn in consumption, a commonly found growth rate for many materials (13).
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Figure 2.10 - Effect of a Recycle Fraction of 0.5 upon Total Consumption

Table 2.9 - ELI Estimates for Various Recycle Fractions

(growth rate — 4% per annum)

Recycle Fraction ELI
0 40.2
0.25 46.2
0.50 54.9
0.75 70.8
0.80 76.1
0.90 92.8
0.95 109.9
0.99 149.8

It can be seen that even a recycle fraction of 0.99 will only result in '
an ELI of 150 years or 4 times the ELI at zero recycle fraction. Figure

2.10 and Table 2.9 show that recycling activities cannot result in a
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dramatic increase in the ELI when a grthh situation exists. The problem
of continuous growth will be discussed in a later section. Unfortunately,

the real world does not normally provide waste materials for reclamation

in the same year as consumption and a time-lag exists between the two.
Figure 2.11 shows the effect of this time-lag i.e. that recycling can

only provide a declining portion of the materials demand, assuming a

constant recovery rate.

Total Consumption

|
Virgin Material
Input

Consumption

Average Lifetime
of Product
Recycled Material
Input

Time 3=

Figure 2.11 —'Grapn showing the relationship between Total Consumption
and recycled input for a material of average lifetime L
and recycle fraction O-5.

Summarising, the argument that recycling will extend the time to
exhaustion of resources is one of limited truth. If historic trends of
exponential growth continue then recycling, can provide little effect on

resource life.
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2.4.2 Energy Savings

The saving in energy by the use of recycled material is often
quoted as the major benefit of a recycle conscious society while the
continuing rise in energy prices has caused an increased awareness of the
problem.

In order to evaluate properly the energy benefits of recycling it is
necessary to account for the energy used in the two competing processes
ie. for material extracted from virgin and secondary sources. By analysing
the competing processes it is possible to estimate any energy savings.

various workers have attempted to assess energy savings from the
use of recycled materials and typical results have been given in Table

2.10 for several metals.

Table 2.10 — Energy Saving from the Use of Various Recycled Metals

Energy Saving (%)
Material from use of sec Source
material

Aluminium 95 ORNL (22)

95 Banks (23)

95 Brooks (24)

96 US NASMI (25)
Steel 40 NATO (21)

74 USEPA (26)

61 - -~ US NASMI (25)

~ 59 Kellogg (27)

Magnesium 98 ORNL (22)

98 , US NASMI (25)
Copper 77 US NASMI (25)

74 Kellogg (27)
Titanium 58 US NASMI (25)
Nickel 30 Kellogg (27)
Zinc 72 , Kellogg (27)
Lead 63 Kellogg (27)
Metals 20 Lincoln (28)




All the metals listed showed considerable energy savings with the highest
being for magnesium (98%) and aluminium (95%) while lower savings (40-74%)
were found for recycled steel compared to extraction from iron ore. . The
results quoted in Table 2.10 must be treated with care as in some cases

it is not clear whether processing alone or processing plus collection
energy costs have been included or whether processing inefficiencies have
been included. Although most of the sources quoted qualify their estimates
by stating that these process inefficiencies have not been included,

Brooks (24) estimates that the energy saving due to the\use of recycled
aluminium would be reduced from 95 per cent to 60-70 per cent if they

were included.

A more general survey, disappointing in its lack of quantitative
detail, carried out for the Commision of the European Communities (29)
found considerable potential energy savings for aluminium, lubricating
oils and plastics and smaller energy savings for other non-ferrous and
ferrous metals, paper, textiles and glass.

Care must be taken in applying these potential enerygy savings
because of the technological limits to the amount of recycled material
which can oe included in a process. For example, current U.K. steelmaking
practice uses up to 50 per cent scrap but the scrap used is subject to
stringent quality control limitations to maintain impurity levels at
acceptable levels. Although much concern has been expressed in recent
years about levels of tramp metals such as copper and considerable research
is in progress to enable utilisation of scrap containing these tramp
impurities it is unlikely that increased energy savings will be realised

from increased scrap usage for a number of years to come.
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The increasing trend in the use of no~deposit bottles has serious
energy saving implications. Berry and Makino (30) arrived at an energy
saving of 66 per cent for returnable (i.e. re-used) glass bottles compared
to non-returnable ones. While Boustead (31) quoted an energy saving
figure of 99 per cent for similar applications excluding collection costs
Hannon (32) arrived at a similar energy saving to Berry and Makino but
went on to show that the energy costs, including collection, for recycling
cullet is almost the same as that from virgin raw materials. Therefore
the recycling of non-returnable bottles as cullet will offer little, if
any, energy savings, and major savings may only be échieved by reuse

i.e. returnable bottles.

In the future, manufacturing firms will feel a two pronged effect
from energy prices. Not only will the real price of energy rise but the
energy component of the production process will rise as lower grade
materials are used. In the case of metals, the quality of ores is tending
to diminish raising process energy costs. One of the most investigated
metals in this respect is copper with Chapman (33) using his own brand of
energy accounting (which includes the energy cost of the equipment
necessary to the production process) estimating the relationship between
copper ore grade and energy costs to be as shown in Figure 2;12 where it
can be seen that energy costs rise sharply when the ore grade drops below
0.5 per cent copper. Current Copper mines average 0.5 to 0.6 percent
copper (34) although 0.25 per cent is not uncommon. This may increase
the attractiveness of copper recycling in energy terms in future years.

It would appear that significant energy savings through the use of
recycled and in particular reused materials exist. Closer examination of
these savings show that large energy savings are achieved through current
recycling practice and that energy savings from a marginal increase in

recycling practice is unlikely to be significant. However, increasing
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Figure 2.12 - variation in Energy Cost of Copper with Ore Grade (33)

real energy costs and decreasing quality of virgin raw materials may

influence future recycling decisions and stimulate research and development

of processes to utilise more recycled material.

2.4.3 Investment Costs

The nature of scme Process system wastes and obsolete goods makes

them a potential secondary raw material. In some cases the recovery

process can be carried out with fewer and simpler operations than the

virgin process with consequent investment cost savings.

As process system wastes do not generally leave the production systein

boundary and may be considered as a continually recycled internal stock,
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any investment cost savings arising from their use are closely linked

with the investment costs for the virgin process, making comparison

difficult. For this reagbn, this section will concentrate on the
comparative investment costs for plants using obsolete wastes.

Data on investment costs for recycling plant are scarce with
variations dependent upon the material concerned although one source (35)
put forward a figure of 10-15% of primary production investment costs for
secondary aluminium recovery. In view of this lack of data, a more simple
approach based on the principle of Functional Units or Process Steps (36)
may be adopted. This states that capital costs are directly proportional
to the number of Functional Units or Process Steps involved.

Figure 2.13 shows a generalised flow diagram for the production of
a material from virgin sources together with scme possible flow processes
utilising obsolete goods. By counting the number of steps for alternative
processes it is possible to compare investment costs. The virgin process
in Figure 2.13 involves five process steps while the most effective method
of recycling, reuse, involves only three representing a cost saving of 40
per cent. Direct recycling on the other hand may involve four to six
process steps or a 20 per cent increase or decrease in investment costs.
Indirect recycling involves at least two process steps plus any additional
process steps from the process system tc which it is flowing.

While the numbers guoted above are fictitious due to a lack of empirical‘
data they do show'that investment costs are generally lower for recycled
goods than for virgin goods, particularly in the case of re-use. However,
care must be taken in interpreting the results of such an analysis as
some, or all, of the virgin process steps may be kcoated in another

country raising investment costs for recycling activities in the U.K.
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Figure 2.13 - Functional Unit Approach to Investment Costs

2.4.4 FEnvironmental Impact

The production of both virgin and secondary materials can have an
adverse effect on the environment. Extraction of virgin materials can

give rise to considerable pollution. Pollution may also occur during

processing and there is some evidence to suggest that overall there is

less air and water pollution associated with the processing of secondary

materials than with virgin materials. In addition, increased use of
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secondary materials will reduce the quantitf of waste to’be disposed of.
The efect of this reduction in waste volumes will be discussed in Section
2.4.5. Little empirical work on the environmental impact of‘recycling
has been found but a report by the U.S. Environmental Protection Agéncy
(26) estimated the environmental effects of producing 1000 short tons

(909 tonnes) of steel product from primary and secondary materials. The

results are presented in Table 2.11 and show that air pollution is reduced
by 86% and water pollution by 76% when 100% scrap is used in the steelmaking
process.

Table 2.11 - Environmental Impact Comparison for the Production of

909 tonnes of Steel Produced from Primary and Secondary

Materials (26)

Environmental 100% primary 100% waste Change from
Effect material recycling
(a)
Primary materials (tonnes) 2071 1227 -90%
Water use (litres) 75.4x100 45x10° —-40%
Energy cons. (kJ) 24.6x108 6.37x108 ~74%
Air pollution (tonnes) 110 15.5 -86%
Water pollution (tonnes) 6l.4 15.0 -76%
Consumer wastes ' ,
generation (tonnes) 879 -54.4 -105%
Mining wastes (tonnes) 2591 57.3 -97%

Note (a ) Negative numnbers represent a decrease Or an improvement by
increased recycling.
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Significant changes in environmental impact also occur if waste

paper is substituted for wood pulp in the production of paper and board

products. In particular the use of recycled paper requires less process
water and in comparison with virgin material production causes less air
and water pollution and generates less waste. There are certain
disadvantages in the use of recycled pulp the main one being the production
of water-borne solids associated with de~inking, bleaching and cooking
processes necessary to upgrade the paper fibres. Table 2.12 shows that
all environmental impacts are reduced if 100% waste paper is used to
produce low-grade paper. The reduction is 73% in air pollution and 44%
and 25% respectively for the biological oxygen demand and suspended solids.
Table 2.13 shows the environmental impact resulting from the use of

virgin pulp and de-inked waste paper to produce bleached kraft pulp and
shows the well-known problem that de-inking tends to generate a water
pollution problem in the form of suspended solids and an increase in
process solid waste. Generally the envirommental effects shown in Table
2.12 are reduced but it is not clear from Table 2.13 whether effluent
treatment is included, although the figures quoted are probably the result
of a comparative technical evaluation to determine the effluent produced.
In practice, an effluent treatment plant would be associated with such a
process which will increase investment and operational costs.

It is interesting to conjecture on how recycling activities will be
affected by future developments. A continuing tightening in environmental
legislation may be the single most important factor affecting virgin
production and must have an effect on product price. In the USA it was
estimated in 1977 that 4 or 5 cents/1b would need to be added to -investment

costs in the copper industry as a result of anti-pollution legislation (38)
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Table 2.12 - Environmental Impact Comgérisbnéfor?looo tons of Low Grade

Paper (37)
Environmental Unbleached Repulped Change from
Effect Kraft Pulp | Waste Paper increased
(virgin) (100%) recycling
_ : (8)(a)
Virgin materials use (tons) 1000 0 -100
Process water used (glsx109) 24 10 -6l
Energy consumption (BTUx10©) 17000 5000 =70
Air pollution (tons) 42 11 ~73
Biological Oxygen Demand (tons)(b) 15 9 -44
Suspended solids (tons) (b) 8 6 -25
process solid wastes (tons) 68 42 . -39
Net post-consumer waste (tons) 850(c) -250(d) -129

Notes:

(a) Negative numbers represent a decrease in that category resulting from
recycling.

(b) Based on surveys in 1968-1970.

(c) This assumes a 15% loss of fiber in the papermaking and converting
processes.

(d) This assumes that 1,100 tons of waste paper would be needed to produce
1000 tons of pulp. Therefore, 850-1000 = -250 represents the net
reduction of post—consumer waste. ’

Table 2.13 — Envirormmental Impacts from the Manufacture of 1000 tons
of Bleached Virgin Kraft Pulp and Equivalent Manufactured
fram De-inked and Bleached Waste Paper (26)

Environmental Virgin Fiber | De-inked Increased
Effect Pulp Pulp recycling change

(%) (a)
Virgin materials use (tons) 1100 0 -100
Process water used (glsxlo6) 47 40 -15
Energy consumption (BTUX100) 23 9 -60
Air pollution (tons) 49 20 : -60
Biological Oxygen Demand (tons)(b) 23 20 ~13
Suspended solids (tons) (b) 24 77 +222
Process solid wastes (tons) 112 224 +100
Net post-—consumer waste (tons) 850(c) -550(d) -165

Source and notes as Table 2.12.
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when copper investment costs of 65—70acéntlebywereucommonz Trends
towards tightening environmental legislation will increase the environmental
costs involved. As there is very little primary production of a wide

range of materials in the UK, current pollution levels arising from

primary production processes in foreign countries have little local, but
possibly major global effects. An increase in recycling activities in

the UK would therefore tend to increase local pollution levels in the UK
and this social cost must be balanced against other benefits. Energy
recycling activities such as municipal incineration systems fluctuate

in acceptability but the generai real increase in the price of energy has
made many such activities commercially attractive. If the energy
conservation trend continues or increases then an increase in air pcllution

would result in the absence of further environmental constraints.

2.4.5 Volume of Waste for Disposal

The prompt industrial and obsolete wastes generated by the production
system and utilisation of fabricated goods in a non-recycling society
has to be disposed of to an environmental reservoir. By recycling some
of the wastes involved the quantity or volume of these wastes may be
redﬁced with a potential cost saving in disposal costs.

Wastes may simply be broken down into solid, ligquid or gaseous
forms. Liquid and gaseous wastes may arise during industrial processes
but environmental and economic pressures restrict their loss while their
generation during the industrial process is relatively small compared to
solid waste. For these reasons, only solid wastes, as broken down in

Table 2.14, will be considered here.

—45—




Table 2.14 - Type and Quantity of Solid Wastes Arising in the U.K. (39,40)

Type of Waste Quantity
(tonnes x 106)

Coal Mining Wastes 58
Other Mining Wastes 3
China clay quarrying wastes 22
Other quarrying wastes 27
Domestic refuse 18
Industrial waste 23
Ash and clinker from power 12
stations

Table 2.14 shows that the major solid wastes are those involving earth
moving operations with low unit value and so are normally laid down near to
their source. Industrial waste disposal is constantly reviewed by the
generating industry in an attempt to increase profitability. For this
reason, the potential reduction in industrial waste volumes must be examined
on an individual basis and is beyond the scope of this project although,
for example, Whalley and Broadie (42) review the potential for industrial
waste recovery in the non-ferrous metal industry.

The quantity of domestic refuse accepted by Waste Management Authorities
in England for 1974/5 was 23.7 million tonnes (41) which reduces to 18.9
million tonnes for Great Britain after allowing for industrial wastes
handled and including refuse,generated in Scotland and Wales. Over the
period 1934 to 1974 domestic refuse generation per person per week rose by
approximately 20 per cen£ in weight terms (41,43) while population increased
by 19 per cent from 47 to 56 millions. As a result the refuse handled
increased in weight by 39 per cent from 13.6 million tonnes in 1934 to 18.9
million tonnes in 1974. Perhaps mére important, in terms of the costs of
the major domestic refuse disposal practice, controlled landfill (accounting
for 81 per cent of all disposals in 1974/75 (41), the volume of waste has
increased by a larger amount than in weight terms. Over the period 1935 to

1968 the volume increase was 44 per cent with a further 33 per cent increase
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expected by 1980 (44). Figure 2.14 shows that, in weight_terms,’lGW'density
materials and in particular paper and plastics have increased their share
of total domestic refuse handled while the high density dust and cinders
have decreased. It has been estimated (45) that more than £7 million worth
annually (1334 prices)
of metals alone are lost[in domestic refuse representing a significant
saving on the U.K. import bill if recycling took place, but disposal has
been the method of dealing with refuse for many years and cannot be replaced
overnight. Even with gradual change it is necessary to examine the
alternatives before recommending their adoption or in other cases rejection.
In particular, the economic and environmental aspects of various schemes
need to be analysed to prevent, for example, the energy saving identified
in Section 2.4.2 for secondary aluminium being exceeded by the energy
required to separate aluminium waste from refuse. Technology on suitable
processes to increase recycling and decrease the quantity of domestic refuse

for disposal is abundant, but economic evaluation is lacking and it is in

this area that work is most needed.
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2.4.6 Consumer Attitudes

The consumer and his attitudes can contribute to recycling efforts in
one of two ways. Firstly, the consumer is a generator of potentially
recyclable materials and with suitable economic and social conditions will
assist in the segregation of waste mate;ials at source into forms conducive
to reducing recycling costs. Some metals already enjoy a steady high level
of segregation at source and delivery to a suitable merchant because of
their inherent value. Examples include iron and steel, copéer and lead
while consumers would not deliberately dispose of gold and silver in domestic
refuse.

Other materials, such as paper, are of a lower value and are collected
and delivered to a suitable merchant on a much more sporadic basis dependent
upon current demand. Various schemes have been considered and attempted
to promote source separation of wastes, the most cammon material involved
being glass. For example, in York, a pilot scheme was inaugurated covering
a thousand households to allow separate collection of glass containers
sorted by the householder into clear and coloured containers. IA this
scheme, initial success was followed by a drop in the strict contamination
levels demanded by the users of the collected glass. 1In contrast, the
various bottle banks set up across the country are working very well after
" a much longer period as are the various paper collecting schemes operated.
by volunteer organisations.

It would appear then, that volunteer schemes, whether for paper or
glass are more effecive than "compulsory” schemes. The reasons for this
are unclear but one explanation could be that the majority of people:who
use bottle banks or collect paper are those with an interest in the environ-
ment and the society in which they live and are willing to give up some of
their time for no tangible benefit. In contrast, the schemes operated by

local authorities envelope the community as a whole and involve a section
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whose lack of social conscience can adversely affect the efforts of others.
additionally, the stop—go attitudes of some local authorities towards
recycling can influence the consumers own attitude even though the local-
authorities actions may be dictated by the economics involved and in
particular demand for the waste product. Separate waste paper collection
is a good example of this, with many local authorities stopping separate
collection.

The second way in which consumer attitudes can contribute to recycling
effort is by using recycled goods in preference to those préduced from
virgin materials. The commonly quoted reasons for using recycled goods are
the benefit to national interests, in particular -the balance of payments,
reduced cost of product and lower disposal costs (and possibly a reduction
in rates). Unfortunately, secondary raw materials and goods producéd from
such materials still have a reputation for inferior quality which is often
deliberately exploited by virgin materials users. For example the Woolmark
does not allow the use of post consumer textiles in goods carrying its
mark (48) and many manufacturers of goods using recycled goods are unwilling
to promote this aspect of their product because they feel that consumers
will not buy on aesthetic grounds. This view is supported by Riordan and
Turner (47) who found that the purchasing decision for paper erends upon
the quality (texture and colour) of the paper which may mean marketing
difficulties for firms anxious to produce recyéled paper yet keen to compete
in the paper market. Advertising cén play a large role in changing consumer
attitudes. The acceptance, for example, that recycled oils are inferior
quality materials that should only be used when no alternatives exist may
be replaced, by suitable advertising, by a more positive promotion of their
use.

The above discussion shows that an intrinsic desire to recycle exists
among a certain proportion of the community built upon a social conscience

and/or some economic benefit but that ideals and actions may not coincide.
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2.4.7 Benefit to Balance of Payments

The contribution of recycling activities to the Balance of Payments
may take one or poth of two forms. Firstly, additional recycling mayhréduée
the import bill for raw materiais or finished products. Secondly, recovered
materials, possibly in the form of finished products, could be exported and
also reduce any Balance of Payment deficit.

Any savings in the import bill must take into account the cost of the
virgin raw material, the cost of reclamation and processing -of the
secondary material and the market value of the reclaimed material. An EEC
sponsored project (29) examined these costs and found that the following
materials showed large savinés in imports due to increased recycling effort
. iron ore; non-ferrous metals (other than aluminium); wood pulp; plastics;
rubber; textiles and lubricating oils. Materials showing small import
savings are aluminium and glass. Unfortunately, no reasons for these
savings were given. Balance of Payments savings are important, particularly
in time of recession when investment capital is limited. Instead of spending
a sum of money on importing raw materials which may only pass through the
production process once, investment in a recycling activity enables the
same money to be invested in the U.K. in the form of employment, stability
of supply and capital plant which can be used to process materials many
times. In Sweden, paper pulp is the major foreign currency earner and
rather than use domestic virgin pulp to satisfy growing domestic demand
central and local government and the paper industry are promoting the use
of waste paper to maintain foreign earnings from virgin pulp exports.
Existing recycling practices already contribute to a balance of payments
saving. For example, Thomas (45) estimates that U.K. waste paper recycling

saves about £500 millions in foreign currency each year.
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2.4.8 Strategic Considerations

Industrialised societies rely upon a continuing supply of virgin
materials to continue production. These virgin materials tend to flow from
the less developed Third World countries to the industrialised of developed
countries. The continuing delicate balance of world affairs means that
~ international disputes could seriously affect the flow of virgin materials,
even to countries not involved in the dispute. In such a situation,
the stock or reservoir of unrecycled material could become a major supply source
enabling prdduction of strategic materials to continue. Generally speaking,
while modern societies might appear to be vulnerable to a.sudden severe
shortage of energy or food, they have rarely been desperately vulnerable
to shortages of raw materials. For example, even during wartime, when raw
materials were in short supply and industry was redirected to the needs of
a wartime economy, the major needs (i.e. those necessary to fight the war)
were satisfied by mixing the existing raw material supplies with recycled
material and substituting for those materials in short supply, e.g. pure.
iron for copper in World War I.

In a society where recycling was much more important to the industrial
process than at present, periods of limited raw material supplies would
have a more dramatic effect as no recyclable stock exists. For exémple, if
all the copper potentially available for recycling was utilised at the time
it arose prior to World War II, then during the war there would be no other
source of copper other than imported virgin copper. In practice, such a
situation is unlikely to arise, but must be considered if recycling activities

are to be increased.
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2.5 The Optimum Recycle Rate

2.5.1 Private and Social Costs of Recycling

In private industry, the decision to recycle is generally thought to

be determined by the monetary difference between virgin and secondary material

costs so that total costs, C, are minimised i.e.

C=V + R where V = costs of virgin material

R = costs of secondary or recycled material.

This approach ignores the social costs and benefits associated with
recycling as the primary aim of most companies is maximisation of profits.
Thus, the company will normally buy its raw materials and dispose of its
wastes as cheaply as possible. This may involve leaving open—cast mines
unfilled and indiscriminate dumping of wastes so externalising the social
costs involved to the society within which the company operates.

The social aim is to minimise the sum, S, of the private costs, C,

and the external costs involved including pollution and any reduction in

the static life index associated wih the use of virgin or recycled material,

i.e. to minimise:

S=V+R+Ey+Eg-F-0L

= total external costs associated with virgin material use

where Ey =
Eg = total external costs associated with recycled material use
F = benefit associated with extension of resource life
I, = benefit associated with gains in land now available for other uses.

Figure 2.15 shows this analysis in diagrammatic terms. If a recycle
ratio, r, is defined so that at 100 per cent virgin material use, r = O and
at 100 per cent recycled material use, r = 1, as shown on the horizontal

axis of Figure 2.15, then R will rise as r approaches one as recycled
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will fall and Er rise as recycling increases.

Private optimum

Recycle Ratio,r
P 4

S = R+V+E +E
r v

Costs

—
- <
J—_‘ —

supplies are more expensive to collectiahd‘gioéeés;

will be zero when r = 1 and positive if r is less than one. Similarly FEy

Social optimum
Recycle Ratio,rs

V on the other hand

r=0
all virgin
materials

Recycling Ratio,r,

Figure 2.15 - Private and Social Optimal Recycling Ratio adopted from (3)

r =1
all reclaimed
materials

In Figure 2.15 rs (the social optimum recycle ratio) lies to the right of
rp (the private optimum recycle ratio), implying that more recycling 1is

socially desirable than private industry is willing to provide. It is also

possible for rg to lie to the left of rp, implying that recycling should be

reduced rather than increased. This will arise if, for example, recycling

material.
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technologies are more polluting than the disposal of virgin waste. NO
generalised conclusion is possible and only individgal case studies will
show the answer for each problem. Although Pearce (49) and Henstock (50)
refer to the mechanisms of Figure 2.15 as developed by Spofford (51) little
empirical work by these or other workers has been found in published

Fisher (52) attempted to ascertain the external or social costs



of returnable and non-returnable bottles. Although unable to use the
limited U.X. data, an analysis of U.S. and European data showed that the
returnable system generated less external costs than the non-returnabie.
It has been suggested (53) that the total costs are minimised for returnable
bottles when the bottle has been reused five times. Another report (54)
discussed the problems of estimating private and social coéts for the same
material while Conn (55) considered the empirical assessment of social
values as being difficult if not impossible. The assessment of private and
soci;l costs involved in recycling is considered to be too complex a problem
for further investigation in this project. Figure 2.15 shows that
intervention, possibly in the form of fiscal incentives is necessary to
raise (or lower) the recycle ratio to the social optimum from the private

optimum.

2.5.2 Fiscal Incentives for Recycling

In the previous section a need was identified for means of egualising
private and social costs to achieve the optimum recyclé ratio. Suitable
incentives should be designed to encourage further recycling by taking into
account the reasons why discarded material is not at present recovered.

The fundamental obstacle may be that it is not financially advantageous for
industry to recycle material and fiscal incentives can increase both supply
and demand for secondary materials. Fiscal incentives are, in essence, tax
measures the aim of which is to make the economic climate for recycling

more favourable and can include direct taxes, levies, grants and subsidies.

In this section the most common types of fiscal incentives abstracted
from various sources will be briefly discussed with a more detailed

examination with reference to specific materials made in later chapters.
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1) Disposal Tax

A disposal tax is a tax levied on a product appropriaﬁé to cofrect the
divergence between private and social costs and so should feflect the
average costs associated with the collection and disposal of discarded
oroduct with suitable allowances, in the form of deductions or avoidance of
tax, included for recyclable materials. The key factor in a disposal tax is
the accuracy of measurement of the private costs and particularly the social
costs of disposal. An example of a disposal tax is a tax on total or excess
packaging which takes into account the nature of the excess and whether it
can be recycled or not so that the producer pays for its disposal and not
the community. If the disposal tax was charged on a value basis then the
costs of packaging would be reduced and cheaper, possibly recycled, packaging
would be used. If the disposal tax was charged on weight basis, then the
quantity of waste generated would drop, decreasing the quantity of waste for
disposal (see Section 2.4.5).

2) Virgin Materials Tax

A virgin materials tax is a tax applied to limit the use of virgin
materials by artificially raising the price to a level reflecting the full
social cost of their use in preference to recycled materials sO stimulating
recycling and encouraging more profitable use of virgin materials. Examples
include an import levy on low grade paper pulp to encourage the use of
recycled paper, also assessing the energy requirement of virgin and recycled

materials and taxing the higher energy process.

3) Virgin Materials Levy

Levies imposed by producer countries on virgin materials to restrict
consumption. It is in fact a negative incentive applied usually by producing
countries to prevent rapid rundown of valuable finite virgin material

reserves. Theoretically, such a levy would rise in inverse proportion to
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the estimated lifetime of the reserves coupled wiﬁh4control over the rate
of extraction, so that an increasing price differential, coupled with strictly

controlled availability, will encourage recycling. The United Kingdom

would be likely to be at the receiving end of such a levy such as currently
exists on OPEC oil prices.

4) General Pollution Tax

A General Pollution Tax, often referred to as a "Polluter-pays" tax
is a non-discriminatory tax where the process which gives rise to less

pollution would be favoured whether virgin or secondary materials were

involved. The environmental impact per unit output would be compared with
substitute processes and materials, including recycling, and the use of

taxes would provide an incentive for the utilisation of the product with

the lower environmental impact. Questions which must be answered with a
General Pollution Tax revolve around the argument that a Pollution Tax

would create a license to pollute with the tax being passed on to the consumer
so that producers would not reduce their pollution levels. An alternative

to a direct general pollution tax is to impose legislation restricting
pollution levels. Such legislation, similar to the 1974 Control of Pollution
Act, makes it illegal to dispose of a pollutant and/or waste in an
indiscriminate fashion and applies both to primary and secondary material

producers making it easier for the process with less pollution to operate

without considerable expense in pollution control equipment.

5) Direct Subsidies for Recycler/Reclaimers

Direct subsidies for recyclers/reclaimers througyh yrants, price
support systems and accelerated depreciation allowances on equipment, plant
and buildings used wholly for reclamation and recycling would encourage the
use of recycled materials. The max imum subsidy'for recyclers in principle
would equal the full social costs of post consumer waste disposal.

Difficulties in segregating the already high proportion of prompt industrial
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scrap used and post-consumer wastes would make implementation and enforcement
difficult without developing the necessary data collection system.

6) Direct Incentives to Reclaimed Material Users

Direct incentives to users of reclaimed materials could be applied
in two ways. 1In the first, tax allowances would inflate sales proceeds so
reducing taxable profits or a straight forward subsidy or tax allowance for
the users of recycled, as opposed to virgin materials, could be operated.
The second method is to provide a price support mechanism so that excess
stocks of recycled materials are used at times of low demand so that these
stocks do not drive the price even lower. In essence, this is a similar

scheme to the EEC Common Agricultural Policy.

The incentives discussed above are general and a great deal of
interaction can occur. Specific regulations can have an attraction by
insisting upon design or durability features leading ﬁo more efficient
resource utilisation (see Section 2.6.2). Such regulations have to be
specific, aimed at a particular product or range of products for enforcement
to be possible and a comprehensive policy is necessary to ensure fairness
to all interested parties. The final question to be asked of any fiscal
scheme is "How much will it cost to operate this scheme?" The area of
fiscal incentives and their effects on recycling and pollution has been

widely discussed. For example, see (49) and (56 to 62).

2.5.3 Technological Means of Increasing the Recycle Ratio

In the previous section fiscal incentives to increase the recycle
ratio were presented. In this section the technological means of achieving
the socially optimum recycle ratio will be discussed. These engineering
methods should concentrate on the following factors’which would tend to

raise the rate of utilisation of secondary materials:
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1) Design of new products to facilitaggfreg¥cling after use.

2) Design of products utilising an increased proportion of recycled

materials.

3) Improving systems for the extraction and recycling of discarded

material.

The design of new products to facilitate recycling after use is principally
governed by the econamics of extraction, such as dismantling consumer goods
to yield usable grades of material. These economics are a major cost in
recycling and can be unsatisfactory dde to certain features of the discarded
good. Herstock (63) identified three main areas adversely affecting the

possibility of designing new products to facilitate recycling as being:-

1) Complex construction involving a multiplicity of materials, often
inextricably united with one another e.g. in electroplated articles.

2) Miniaturisation of components e.g. in electronic equipment.

3) Progressive replacement of materials that possess a scfap value by
other with no well-defined secondary market e.g. replacement of metals by

polymers.
Design of new products to facilitate recycling is contrary to these trends

and a radical rethink in design philosophy, possibly instigated by the

fiscal incentives described in the previous section, would be necessary
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before the trends could be reversed. An example of design for recycling is

the suggestion (64) that all the copper containing parts of a car should be
located in one or two standard places on a car for ease of removal. Scrap
steel from cars is often unacceptable to the steelmakers because of copper
contamination and this measure would benefit both the copper and steel
industries. An alternative is to replace all copper in cars by aluminium

which is not retained in the steelmaking process, a step which would benefit

the steel, but not the copper industry.

The design of products utilising an increased proportion of recycled
materials again is not a straightforward engineering problem as consumer
attitudes (already discussed in Section 2.4.5) and econamics are vital
factors. The engineering aspect is limited by the fact that any material
that has entered service is likely to have become contaminated with materials
unsuitable for recycling by conventional technology. Secondary materials
subsequently produced from these discarded goods would become a recirculating
load acquiring further contamination during each successive re-manufacture.
This limits the use of secondary materials so that a blend of virgin aﬁd
secondary materials would give an acceptable contaminant level. This point
varies with the individual material and product manufactured although copper
in car steel scrap is a good example. Hemstock (63) gives tinplate as an

example where innovations such as:-

1) Increasing use of lacguered containers, so reducing tinplate

thickness;
2) Two piece drawn cans replacing three piece cans.

3) The introduction of tin-free steel where the tinplate is replaced
by a thin layer of chromium which enters the slag during the steelmaking

process rather than the steel as in the case of tinplate;




would decrease contamination levels ané;inéreaseffécyclihg.activiﬁya Tﬁe
economic aspect is governed by the engineers desire to achieve a éompromise
optimising satisfactory properties at minimum overall cost. Such a compromise
may not favour the use of recycled material and once again the fiscal
incentives described in the previous section may need to be implemented.

The Netherlands government operatesa scheme (48) which, through taxes,

limits the production of goods which because of their nature, composition,

welght or volume are difficult to recover.

2.6 The Alternatives to Recycling

In previous sections a need for concern over future supplies of
non-renewable materials was identified and recycling identified as a possible
method of reducing the drain on natural resourceé. There are other means
apart from recycling which would appear to offer a reduced drain on these
resources. Possible alternatives are discussed below, in a general manner,
but as a detailed discussion is outside the scope of this project only a

general outline will be given.

2.6.1 Increased Extraction Efficiency

In section 2.2.2 the definition of reserves was given as the portion
of an identified resource from which a usable commodity can be economically
and legally extracted at the time of determination. Implicit in this
definition 1is £he fact that not all of an identified economic resource is
extracted, indeed in the case of oil the recovery rate averages only about
30% of oil originally in place over the world as a whole (65,66). Although
0il recovery technology has been improving and secondary and tertiary

recovery methods are being implemented, Table 2.15 shows that even with
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expensive tertiary extraction methods ihe féébvery/rate will only bé raised
to 65% (67) maximum. Although 100% recovery is practically impossible
achieving 65% would increase current reserves by two times.
In mining, the method of extraction is generally the most important
factor in assessing reserve size. Surface mining permits more flexibility
in production including at least theoretically the ability to obtain 100%
extraction. In underground mining the grouﬁd support system limits recovery
but recent shifts from selective to mass mining techniques have increased

extraction efficiencies.

Table 2.15 - Secondary and Tertiary Recovery Methods for 0il (68)

Recovery Normal range of recovery improvement (%)
Methods
from to
Secondary
waterflood 10-20 30-50
Steam (heavy oil) 10 60

Tertiary (after watered out)

Alternate gas—water 30 40
Thickened._water (polymer) 30 40 ;
Wettability reversal 45 55
Miscible—~hydrocarbon 45 75
Miscible - QOp 45 70
Thermal 40 70

Table 2.16 — Recovery Rates for Canadian Mines 1971 (66)

Method Recovery Percentage

Underground Mining

Shrinkage 75—85(a)

cut + fill near %gj

Open stoping 60-80(P)

Room + Pillar 30-90

Sublevel caving 80

Other caving near 100
Surface mining

all methods 85-100

Notes (a) At depths greater than 750 m
(b) At depths less than 600 M {
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Table 2.16 shows extraction efficiencies for various mining methods in

Canada for 1971. It can be seen that extraction efficiencies vary greatly,
both within a mining method and between mining methods. There is leés\roéﬁ
for improvement in mining than in petroleum, but these improvements may
become significant in future years.

In addition, a limit to extraction efficiency must arise through the
energy requirement to crush and grind ore prior to beneficiation. Thus for
a 2.5% ore body, one tonne of mineral involves the crushing of an additional
39 tonnes of gangue. Decreasiﬁg the ore grade to 0.25% and the gangue
increases to 399 tonnes which is the main reason for the steep rise in

Chapmans energy curve for copper presented in Section 2.4.2.

2.6.2 More Efficient Use of Resources

In the twentieth century there has been a vast development in the
range of materials and processes available for the manufacture of goods.
This is typified by the fact that both plastics and aluminium, which were of
purely academic interest at the beginning of the century, are now being used
in enormous quantities. The changes taking place are not only quantitative
but are associated with radical changes in technology in the range and
nature of processes available to the engineer enabling new methods of
making, shaping, joining and finishing new and traaitional.materials to be
used. These new methods allow the quantity of material used to be minimised
to a level consistent with the finite nature of resources. This reduction
in material demand may be achieved in three ways.

(1) Design for minimal use of material per unit produced.
(2) Product lifetime extension.

(3) Substitution of less scarce materials for scarce ones.

_63._




2.6.2.1 Design for Minimal Use of Material per Unit Produced

In section 2.5.3 the example of changes in the design of tin cans wés
quoted as potential for increased reécycling effort. It is true however,
that the increasing price of tin plays a significant part in design change
policy, a trend which can be found in most products as manufacturers attempt
to reduce production costs. While not a direct consequence of concern over
world reserves of materials, such design changes do have the required effect
of minimal use of material per unit output and the trend is expected to
continue as consumers demand a product which carries out a task at minimum
cost. In contrast, the producers needs are for a product which has a
certain planned obsolescence so guaranteeing a future market. Changes in
the "consumer needs - producers requirements" interface are slow and little
change in the short term is anticipated although policy decision could
affect it in the long-term. Much attention has been paid to the selection
_ of materials and engineering design, the issues involved being well reviewed
by Pickering (69) and Appoo (70) both of whom concluded that if materials
are to be conserved it is important that the physical properties of a
materials should be utilised to this maximum so that less material is used.

Henstock (71) points out that the trend towards the use of less material
is at the expense of increasing structural complexity and that this results
inva conflict between complex design, which saves materials, and the design
of components in a form suitable for recycling. Specialised work in this

area is necessary to identify the optimum use of material and is not

discussed further here.
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2.6.2.2 Product Lifetime Extension

One frequently proposed solution to material shortages is to increase
the durability of products by engineering design. Many modern goods ére
designed for early disposal both to reflect rapidly changing consumer demand
and to increase sales and profits.

The effect of extending product life can be shown with the aid of a
simple example. If a constant increase in demand of 100 units per year is
assumed with an ‘average product life of two years then the pattern of annual
demand is as shown by the solid line in Figure 2.16. If product life is
extended to four years then the dotted line in Figure 2.16 is produced.

Over an arbitrary period of twelve years annual demand for the goods with a
life of four years is 50% of that for the goods with a two year life. More
important, the cumulative demand is calculated to be 43% less for the goods

with a life of four years.
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Product Lifetime
= 2 years
500
Loo
Product Lifetime
= L years
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|
200 4 e - - J
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Figure 2.16 - Effect of Product Life extension Upon Demand
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Although Figure 2.16 provides an example of the effect of product
life extension, its potential contribution to resource conservation is.
largely unexplored. The US Environmental Protection Agency (EPA) in 1975
made simple calculations to estimate the effect of product life extension
on car tyres and cars in the US (72). Based upon the assumption that
original equipment tyres purchased after 1978 were to last for 100,000
miles compared to typical current values of 30,000 miles, and if all tyre
replacements were retreaded 100,000 mile tyres that would last for another
27,000 miles, then tyre (and hence rubber, steel etc.) consumption would
be reduced by 143 million tyres per year by 1990 so saving 23 million
barrels of o0il, 1.75 million tons of rubber and 525 million pounds of
carbon black together with reduced environmental impact from tyre manufacturers.

Having established that product life extension does have potential
for resource savings, how can extensions be introduced? Conn (72) considers
that the physical durability built into a product is not the major determinant
of a products lifetime. Actions by consumers, distributors and repairers
must not be overlooked, indeed their attitudes must be fundamentally changed
before manufacturers will consider extending product lifetimes. These
changes in attitudes will take a long time to develop, particularly as
extending product lifetimes will not be cost free. A German study quoted
by Conn (73) showed that the use of higher quality materials required to

double the life expectancy of a car to 20 years or more would cause a 30

per cent cost increase.

The problems of product lifetimes and their assessment are discussed

generally by Conn (73) and will be examined in more detail for copper in

Chapter 8.
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2.6.2.3 Substitution

The concept that most materials can be substituted‘in’various ways and
that no material is therefore absolutely essential has attracted support
(7,19). The market mechanism is expected to operate along the following
lines. Firstly, the price of a commodity would rise as supplies became
scarce, so limiting demand with the balance of demand being obtained from
other materials i.e. substitute materials.

The possibilities of substitution between materials are extensive,
in fact so extensive that care has to be taken. For example, sheet copper
can be substituted by aluminium which could reduce demand for soldering
agents such as tin and lead. Rajaraman (7) offers a partial list of substitutes
for tin and lead which includes zinc for lead but lead and zinc are so
commonly found together that some sources treat the two together for demand
and pricing purposes. Substitution in this case is limited by the risk
that both metals would become scarce simultaneously. Roberts (74) presents
sources which argue for a similar interdependence between copper, lead,
tin and zinc. To date, there is no evidence of a neat phasing of substitutes
so that as one reserve 'runs out' another becomes available. There is a
possibility that complete sets of raw materials, substitutable amongst
themselves e.g. zinc and lead will become depleted at approximately the
same time and in this case another set of materials, for example organic
for inorganic, would be substituted.

Substitution is not a straightforward process but has considerable lead
times which may be sufficient to cause disruption to an economy. ‘Substitute
materials may have the side effect of causing more pollution or requiring a
higher enerqy input per unit produced. In the case of biomass substitutes,

a reversal in historic trends in land use would be necessary. Table 2.17

lists some potential substitutes for metals in common use. It should be
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noted how often plastics appear and it is expected that other raw materials,

such as high strength fibres, composites and ceramics, will be added to the

list as their lead time for development is reached.

Table 2.17 - Principal Substitutes for Materials (20)

Material

Principal Substitutes

Aluminium ore
(bauxite)

Chromium
Cobalt
Copper
Lead
Molybdenum
Tin
Tungsten

zZinc

Kaolinite, dawsonite, alumite syenite,
saprolite, coal ash. \

Nickel, Molybdenum, vanadium

Nickel

Aluminium, plastics

Rubber, copper, plastics, tile, titanium, zinc
Tungsten, Vanadium

Aluminium, plastics

Molybdenum

Aluninium, plastics

while substitution offers an alternative to recycling it is possible that

the side effects of interrelationships of substitutes, environmental impact

and production energy levels will make substitution of limited application.

A comprehensive study investigating these interrelationships is outside the

scope of this project although reference to the mechanisms of substitution

will be made in later chapters with particular reference to copper.
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Quantity

2.6.3 Future Growth Patterns in Demand

Turning to the assumption of exponentially rising growth iﬁ consumption
evident from section 2.2.4.2, and on the continuation of this growth which
was the cornerstone of Meadows' world model there may- be“scope for change.

The statistician Quetelet and the mathematician Verhulst in the 1830's
suggested that the 'S-shaped' or logistic curve is more probable than the
exponential curve of Malthus for describing growth patterns within a closed
system, such as the Earth, in which the curve threatens to hit a ceiling.

Figure 2.18 shows growth curves with respect to time according to
exponential and S-shaped or logistic patterns. Projections based on
exponential growth may be reasonably good for the time span to the inflection
point, after which they can become absurd. The figures in this thesis show
that pure logistic curves are unusual, but that curves that approach the S-
form by way of platforms seem to be more common. Generally for mineral
demand, the period 1870-1910 and 1950-1970 show a strong expansion while

the period 1910-1950 for many minerals was a period of stagnation.

Exponential
Growth Curve

S~Shaped or
Logistic Curve

Time e

Figure 2.18 - Relationship Between Exponential and S-shaped or
Logistic Growth Curves
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Figure 2.19 presents two curves for copper and lead showing the relatioﬁ
between global consumption in kilograms of metal per capita and GDP per
capita. If the two extreme right hand points are accepted as evidence of
saturation effects at high GDP per capita then an S-shaped logistic curve
can be fitted implying that the metal requirea per capita levels despite
continuing growth in GDP per capita.

Attempts to estimate long term growth patterns for various economies
must be tenuous and reference should be made to Malenbaum (75), Brookes
(76) and Felix (77) for further discussion.

Using Figure 2.19 and UN population growth forecasts (78) then an
estimate of future annual metal demand can be made as shown in Figure 2.20.
The prediction shows a continuing exponential growth in world demand beyond
the limits of Figure 2.20 due in the main to the economic development of
less developed countries.

This method does not take into account constraints such as scarcity
of metals, excessive price rises, substitution and recycling which would
tend to shift the S-curve in Figure 2.19 downwards. Nor does it allow for
a logistic curve for population. The United States Bureau of Mines (13)
presents estimates which do include these factors but not the method used
to determine them.

It would appear that S-shaped or logistic curves do represent the
real world more closely'than exponential growth curves but thaﬁ little
consolation can be derived from this unless population growth also follows
a logistic curve and less developed countries do not develop economically

at a pace which cannot be met by substitution and recycling effort in

~ developed countries.
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Figure 2.20 - Predicted Growth Rate in Lead Demand (79)
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2.7 Sutmary of Chapter 2

Owing to the complex nature of the topics discussed in chapter 2 and
the interrelationship of these topics it was felt that a sunnary of theﬂ
major conclusions arrived at during this chapter would be useful.

In the first part of this chapter the definitions and problems of
the estimation of reserve and resource size were examined together with the
adequacy of these reserves to meet an apparently eXponential growth in
consumption. It was concluded that if historic exponential trends were ;9
continue then it is unlikely that future feclassification of resources as
reserves would be capable of satisfying cohsumption.

In order to assess the effect of this conclusion, the generalised
flow of materials thrbugh an economy were described with particular care
being devoted to definition of terms. Recycling was identified as a possible
solution to the dilemma of lack of resources identified above.

The advantages and disadvantages of recycling were then examined
with the hajor benefits being energy savings, lower investment costs, a
reduced volume of waste for disposal, a benefit to the Balance of Payments
and a strategic supply of raw materials. Possible disadvantages could be
inreased pollution due to increased activity as much processing 1is currently
carried out before importation and a reluctance by consumers to participate
in a society with an increased level of recycling. The effect of recycling
upon the time to exhaustion of resources was found to be dependent upon the

assumptions surrounding future growth patterns in consumption.

A need was found to equate the private and social costs of recycling

through fiscal measures and engineering design with a brief discussion on

each topic being given.

~72-




Finally the alternatives to recycling were investigated. Increased

extraction efficiency was found to be possible, but as in the case of

conversion of resources to reserves, little effect would be found in the

face of continuing exponential growth. More efficient ways of utilising
materials were examined with product life extension offering the best hope
although substitution and product design have a role to play. Future growth
patterns were then examined and it was concluded that exponential growth
patterns would continue unless the developed countries were prepared, through
the mechanisms of recycling, substitution and engineering design, to reduce
their per capita consumption of materials so that the less developed
countries could progress towards competitive economies which require an
increase in per capita material consumption.

Only if these criteria are met will the doomsday predictions of
Meadows be avoided and recycling has an important part to play in the U.K.
contribution to thé solution. Having examined all these complex areas, it
is not possible to investigate their effects upon all materials and certain
materials need to be selected for a more detailed examination. The next
chapter will allow the significance to the U.K. of various materials to be

examined and enable the selection of materials worthy of investigation.
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CHAPTER 3 - SELECTION OF MATERIALS OF SIGNIFICANCE TO THE UNITED KINGDOM
3.1 Introduction '

In Chapter 2 the global situation with reference to the long term
availapility of natural resources was examined together with an assessment
of the methods available to minimise the time to "exhaustion" of these
resources.,

The United Kingdom (U.K.) as an industrialised trading nation is
concerned with resource exploitation as it has few natural reéources of its
own. This lack of indigenous raw materials'affecté the U.K. in two ways.
Firstly the effectiveness of the U.K.'s tréding position is largely dependent
upon raw materials whose price is governed by supply and demand relationships
operating outside the U.K. The supply and demand position also affects
foreign markets for U.K. produced goods. Secondly a heavy reliance upon
imported raw materials makes the U.K. particularly vulnerable (industrially
and strategically) to restrictions in supply. These restrictions may be
natural, as in the exhaustion of a mine or political as in the Yom Kippur
war in 1973. .

Many studies have been carried out on how the U.K. can, through
recycling and other methods, reduce its reliance upon imported materials.
Generally, these studies have been very narrow in their view and have
concentrated on particular materials and/or industries, e.g. oil, coal,
aluminium, glass and domestic refuse, with little objective regard to the
impodance of the material to the U.K. or to the significance of a change in
exploitation or recovery patterns. The studieé carried out on these broader
aspects have been instigated by high level government or military auphorities
and so have a very limited circulation.

In this chapter, the most important mateérials to the U.K. will be
identified. This will aid determination of where research effort should be

directed at improving the utilisation and recovery efficiencies to offer

the greatest advantage.
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3.2 Methodology
The importance of a material depends upon the viewpoint of the
assessor so that what is “imporﬁant" to an industrialist may différ fréﬁ\
what is "important" to a government official. This makes it difficult both
to measure importance and to compare the importance of one material to
another. The method employed in this work is based upon the weighting-

factoring method. The procedure followed involves these basic steps:—

1. List all materials/resources to be considered.

2. List all criteria which may be relevant to the evaluation of
"importance" to the U.K.

3. Select the relevant criteria.

4. OQuantitatively rank each material for each criterion to give
a "score" or factor.

5. Weight the criteria according to their relative importance.

6. Sum the product of factors and weightings to give a total "score".

7. Carry out a sensitivity analysis to compare the effect of different

i

weightings.

By using this method, the viewpoint of the industrialist or politician may
be obtained by suitable weighting of the criteria. The scope of this
exercise is very large and the limits on facilities available meant that

some simplifications and assumptions had to be made. These are identified

and justifications provided when relevant.

3.3 Materials Considered

Materials flows in the U.K. are very complex in that materials may-
_enter or arise as raw naterials or feedstocks in a range of grades, or as
imported semifinished or finished goods; undergo a sequence of transformations;

and be consumed or discarded internally or leave the U.K. in a wide range

of products.
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One approach to clarification of materials is to consider inter—
industry flows where the various major industrial sectors are defined and
the flows of materials to and from other sectors (at home and abroad) are
considered. This is the basis of the Standard Industrial Classification (SIC)
system.

The SIC was first issued in 1948 to “"promote uniformity and
comparability in official statistics of the U.K" and in a revised edition
follows the same general principles as the International SIC Qf all Economic
Activities used by the U.N.

The classification is arranged under a list of industry headings
which show the minimum detail in which statistics by industry will normally
be provided and which are therefore called "Minimum List Headings" (MLH).

The MLH's of related industries are also grouped into ORDERS. Overall, the
SIC consists of 181 MIH arranged in 27 orders. Optional subdivisions of
the MLH are available.

However, the SIC is concerned with all U.K. industriés and is toco
comprehensive for this project; materials may be included under several MLH
making the abstracting of data difficult. Certain MIH, such as Street
Musicians and Cream Cake Manufacturers, may be ignored on grounds of
irrelevance which does help to simplify the system. However, the SIC is
complex, difficult to interpret and materials may be included under several
Minimum List Headings making data abstraction difficult.

Tﬂe alternative classification is by elements and their derivatives
which is more definitive and compact in terms of data collection. This
approach was chosen after preliminary examination of both classifications as
providing the simplest and most directly gseful and usable system. It will
also enable direct comparison to be made with other work. The only exception
hemical and fossil fuel industries when classification under

is the petroc

carbon would have been unhelpful and coal, natural gas, petroleum (oil) are
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considered separately. Finally, seven particularly rare materials were

excluded such as astatine and francium. A full list of materials covered
is given in Table 3.1. Each entry includes that element and its derivatives
and compounds, using natural industrial relationships for differentiation.

For example, hydrochloric acid is included under chlorine rather than

hydrogen and phosphoric acid under phosphorys:.. rather than oxygen. Difficult

cases were dealt with arbitrarily.

Table 3.1

LIST OF.MATERIALS CONSIDERED

Aluminium Hydrogen Silicon
Antimony Indium Silver
Argon Iodine Sodium
Arsenic Iron Strontium
Barium Krypton Sulphur
Beryllium Lead Tantalum
Bismuth Lithium Tellurium
Boron Magnesium Thallium
Bromine Manganese Thorium
Cadmium Mercury Tin
Caesium Molybdenum Titanium
Calcium Neon Tungsten
Carbon Nickel Uranium
Chlorine Niobium Vanadium
Chromium Nitrogen Xenon
Cobalt Oxygen Yttrium
Copper Phosphorus Zinc
Fluorine Platinum Group Zirconium
Gallium Potassium

Germanium Rare Earths

Gold Rhenium Coal
Hafnium Rubidium Natural Gas
Helium Selenium Petroleum
3.4 Criteria

A comprehensive list of as many criteria as possible that may
influence the use and/or development of any resource was drawn up under
three general headings (Table 3.2). The first heading, economics, includes

criteria which reflect the importance of a material to the U.K. at both
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macro and micro—economic levels for virgin and secondary materials. The
criteria under the second heading, quantities, illustrate the physieal,size

of the industries dealing with that material. By jointly considering the

criteria under these two headings it is possible to cater for the low volume

(quantity criteria), high value (economics criteria) materials.
The third heading, availability, includes criteria which assess the
potential and future supply of the materials considered, together with the

potential for increases in U.K. indigenous supply from secondary sources.

3.5 Criteria Selection and Evaluation

Many of the criteria in Table 3.2 are duplicated or closely interrelated
with criteria under other headings. For example, the percentage of
consumption from U.K. production is included under the economics and
quantities headings as criteria numbers 9 and 25. Criteria interaction is
very complex and coherent illustration is difficult and of limited practical
value. Instead, Figure 3.1 shows the more well established felationships
between the criteria in Table 3.2 although in some cases the criteria listed
are a combination of other criteria and cannot be illustrated directly. As
the major aim of this exercise is to develop a quantifieble method for
assessing significance, factual data are preferred in order to be objective
in the factors assigned to relative importance. Subjective assessment may
alternatively be employed when specific data are not available, but these
are largely based on opinion and to a certain extent intuition and are,
therefore, less reliable. As all the criteria are interrelated, the criteria
weightings employed in the computation of importance may be used to simulate
subjective opinions in certain criteria.

The original 62 criteria may thus be reduced by avoiding duplication,

employing derivatives of several criteria, for example import value from
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Table 3.2

CRITERIA THAT AFFECT THE SIGNIFICANCE OF RESOURCE CONSUMPTION

Economics

WO -~JOU > W

Operating costs of primary production
Capital costs of primary production
Operating costs of secondary production
Capital costs of secondary production
Effect of raw materials grade upon 1 -4
Current rate of investment in 1 -4
Consumption value

Production value

Percentage of consumption from UK production

10 UK import value

11 UK export value

12 Balance of payments

13 Price/unit

14 Stability of price/unit

15 Effect of current recycling practice upon balance of payments
16 Effect of increasing recycling practice upon balance of payments
17 By-co-main product (status of product in the manufacturing industries)
18 Effect of increased substitution

19 Effect of changes in growth rate

20 Number of suppliers

21 Nature of suppliers

22 Currency parity with suppliers

Quantities

23 Consumption quantity

24 Production quantity

25 Percentage of consumption arising from UK production
26 Percentage of consumption arising from UK reserves
27 Actual recycle

28 Potential recycle

29 UK losses

30 Ratio of actual to potential recycle

31 Effect of increased recycle

32 Usage per capita compared to world average

33 Import quantities

34 Export quantities

35 Nett flow of quantities

36 Percentage of consumption arising from imports

37 UK growth rate ,

38 World growth rate

39 Comparison of UK and World growth rates o

40 Effect of UK growth rate upon trade quantitiles

41 Extent of substitution '

42 Environmental effects of primary productlop

43 Environmental effects of secondary production

44 Frorm of final products _

45 Geographical location of suppliers
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Availability

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Demonstrated reserves

Inferred and potential reserves

Static life index using demonstrated reserves
Exponential life index using demonstrated reserves
Static life index using inferred reserves
Exponential life index using inferred reserves
Demonstrated reserves in the UK

Inferred reserves in the UK

Geographical location of raw material suppliers
Stability of suppliers

Effect on stability of changes in grade of raw material
Renewable or non-renewable resource

Actual recycle

Potential recycle

Ratio of actual to potential recycle

UK losses

World growth rates
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price per unit and import Jquantity, and restricting assessment to those
criteria which may be objectively measured. This leaves the 11 criteria
listed in Table 3.3. These may also be grouped under the three main headings

of economics, quantities and availability and are related as shown in Figure

3.2.
Table 3.3
FINAL LIST OF CRITERIA TO BE CONSIDERED
Criterion Number

7 Consumption value (economic, quantities)

10 Import value (economic)

11 Export value (economic)

12 Balance of payments (economic)

25 Percentage of consumption from UK production (quantities)
27 Actual recycle (quantities, availability)

30 Ratio of actual to potential recycle (availability)
36 Percentage of consumption from imports (quantities)
38 World growth rates (quantities)

48 Static life index (availability)

52 UK reserves (quantities, availability)

3.6 Ranking Procedure

The eleven criteria listed in Table 3.3 are capable of quantification
to provide a numerical indication of their relative importance. In order
to indicate the overall importance of the material in question points are
awarded to each element in respect of the value of each criterion and then
to sum the criteria points for each element.

It was decided that, for convenience, the points awarded should vary
between zero and one hundred, such that if no data were available a zero value
would automatically be applied. No other satisfactory average or mean
could be applied although it is appreciated that distortions could arise if

the number of criteria for which data ere available varied between the

materials considered.
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THE SELECTED CRITERIA IN TABLE 3.3
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A logarithmic scale, analogous to the measurement of noise levels in
dB, was employed, so that a doubling or halving of the criterion value
results in a ten point increase or decrease in the points awarded. This
was chosen due to the unusual distribution of data, when a linear scale would
have produced extremes of points near to 100 orAnéar to zero. The procedure
was to normalise the data between O and 100, take logs, then re-normalise
from O to 100. The computer flow diagram for carrying out the whole exercise
is shown in Figure 3.3. Points for each criterion may be added in an
analogous way to that for noise levels, and thus a material with a score of
60 would be considered twice as important as a material with a score of 50.
For example, phosphorus, aluminium and fluorine with SLI's of 1909, 106 and
22 years respectively will be awarded 20, 62 and 85 points as they lie
between gold (8 years SLI, 100 points) and gallium (25000 years SLI, O points).

Similarly, it would be a relatively.simple task to alter the criteria
value of selected elements in oraer to investigate the effects of changes
in certain areas, for example, a decrease in imports of petroleum and

natural gas because of North Sea 0il, thus providing a flexible methodology .

3.7 Weighting Procedure

Although the points awarded for each of the eleven criteria detailed
in Table 3.3 indicates the overall significance of a material, the application
of a weighting factor to selected criteria, or groups of criteria, permiks
afeas of
the investigation of(particular interest. For example, the effect of an
increase in the balance of payments criterionmay be examined by the
application of a suitable weighting factor to that criterion. Similarly a

suitable weighting factor, applied to each of the three criteria sub-groups,

identified in Figure 3.2 and listed in Table 3.4, assists in the interpretation

of their relative significance.
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Table 3.4

Table Showing the Order of the Application of Weighting Factors

for use with the Results Tables

Criteria from

Table 2

7
10
11
12

25
36

38
52

27
48
30

Criteria

Consumption value
Import value
Export value
Balance of payments

Percentage of consumption from UK
production v

Percentage of consumption from
imports

World growth rates

UK reserves

Actual recycle
Static life index

' N Nt S

)
)

Ratio of actual to potential recycle )

Sub-group

ECONOMIC

QUANTITIES

Typically, a weighting of two, three or four times might be employed.

As the scales are logarithmic, doubling importance is achieved by adding

ten points and four times by adding twenty points. It turned out that this

would have had no effect on the final results, and instead the traditional

two times factor was émploye&; which effectively squares the effect of the

appropriate criterion or group
extreme weighting value.

above) may be applied.

of criterion, and can be considered as an
Any weighting factor between zero and two (or

A zero weighting factor has the effect that the

criterion or group of criterioa is not being considered; a value of one

indicates that the points awarded are th

A value higher than one indi

awarded a special significance.
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e same as in the unweighted case.

cates that the criterion or sub-group is being




3.8 Calculation of Significancé Level

The total or final 'score' is calculated by summing the weighted

criteria points for each element.
For ease of interpretation the final scores are re—arranged into
nunerically descending order, as shown later in Table 3.8.

A sensitivity analysis has been carried out using modified criteria
values and weightings with the top twenty elements only being listed for

ease of comparison.

3.9 Criteria Values used in the Calculation of Significance Level

The criterion values employed in this exercise are shown in Table
3.5 and are derived from two main sources (13,80). The internal self-
consistency of the sources reduced problems of data incompatibility to a
minimum,

The materials with the highest consumption values are the energy
sources, petroleum and coal, followed by copper and this pattern is reflected
in the balance of payments criteria for petroleum and copper where large
import values are not matched by export values. Iron is the only material
with a significant beneficial surplus of export value over import value
although gold has both a large import and export value. The majority of
the materials considered rely heavily upon imports to satisfy consumption,
some exceptions being antimony, iron, natural gas and coal, although the
consumption from UK production criterion shows that these imports are often
in the form of raw materials or unfinished goods. Turning to the availability
criteria the SLI values have already been discussed (Section 3.6) where it
was noted that gold with an SLI of 8 years and gquium with 20,000 years
th most industrially important materials lying in the 50~

are the extremes, wi

100 years range. Growth rates varied between 10.1% for uranium to 1.3% for
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Table 3.5 = Values of ‘the Criteria Listed in Table 3.3

ELEMENT ONS UK GROWT? v ¢ ‘ - :
vi_wz AESERVES “ggfg“ é:g :;Egm "i‘\'iORT EXPORT | ACTUAL | S.L.I.| B8.0.P.| % CONS FROM | RECYCLE | % CONS FROM
RO UE | VALUE | RECYCLE UK PRODUCTION RATIO IMPORTS
T 18 1 & 1

38 7 : 8 3 55 59 -5 75 12 25
'“: :.a X f‘g ’:‘O n.a. n.a. 0 large n.a. n.a. n.a. n.a.
AS 3 x 10 0 0 0 74 0 n.a. n.a. 190
2A n.a. 1 30 100 1 0 0 18 1 n.a. n.a. 100
BE n.a. 1 50 30 1 0 | n.a. 462 -1 n.a. n.a. 100
a1 n.a. 1 15 10 1 1 2 25 0 n.a. 25 {OO
3 nead 1 43 55 3 1 0 105 -3 n.a. n.a 100
3R n.a. 1 30 50 0 0 0 large 0 n.a. n-a. 100
< s i;’ w0 3 1 0 54 -2 18 n.a. 100
n.a. 1 0 n.a. n.a. n.a. 20000 n.a. n.a. n.a. n.a.
cA 27194 1 37 100 2 7 3 large S 100 20 2
CE n.a. } 31-438- 120 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
n.a. - 0 n.a. n.a. 5 large | n.a. n.a. 14 n.a.
S}; Zgig } ig 1?3 i : 5 ?14 -6 n.d. 14 72
o » L u 7 108 ~2 n.a. 17 100
cu 550000 1 46 100 213 84 37 53 -129 37 10 §9
L n.a. 1 47 100 3 3 1 22 ¢} 1.a. 10 100
GA n.a. 1 26 100 n.a. n.a. n.a. 25000 n.a. n.a. n.a. n.a.
GE N.3. 1 20 10 1 0 S0 32 -1 n.a. 12 100
AU n.a. 1 32 80 303 320 95 8 16 n.a. 10 100
HF n.a. 1 33 10 n.a. n.a. n.a. 5620 n.a. n.z. n.a. n.a.
HE N.a. 1 41 10 n.a. n.a. 0 n.a. n.a. n.a. n.a. n.a.
H n.a. 1 86 55 n.a. n.a. 0 large n.a. n.a. n.a. n.a.
o n.a. 1 15 10 n.a. n.a. n.a. 37 n.a. n.a. n.a. n.a.
T n.a. 1 36 30 1 0 o] large ~1 n.a. n.a. 100
FE 284400 1 20 100 256 394 50 233 137 100 11 19
KR Ned . 1 n.a. 50 n,a. n.a. 0 large Nn.a. N.a. n.a. n.a.
2B 105700 1 21 100 34 34 55 28 1 85 11 88
LI n.a.| 1 43 100 n.a. n.a. n.a. 1285 n.a. n.a. n.a. n.a.
MG 91600 1 47 100 11 S 15 509 ~6 100 13 55
MN 18700 1 28 100 16 0 10 S3 ~15 n.a. 15 71
HG Neae. 1 26 100 2 1 45 13 -2 N.a. 12 100
MO 12145 1 41 10 S 1 3 74 -8 Nn.a. 20 100
NE N.a. 1 N.a. S0 n.a. n.a. 0 large n.a. Ne3. Ne.a. Nea.
NI £2181 1 34 100 32 63 20 138 -19 100 15 100
NB 1799 1 1 75 2 1 2 1316 -1 N.d. 25 100
N Nede 1 49 50 N.a. n.a. 0 _large Noda. Neae B0ia. Nade
o] N.3. 1 44 50 n.a. N.a. 0 “large Neds N.a. Neds Nede
4 10803 1 51 100 31 13 0 1909 -18 96 N.a. 100
2T n.a. 1 34 30 49 56 95 135 7 N.ae. 10 100
S 8203 1 44 100 15 0 o} 7615 -15 n.a. n.a. 100
NG 305409 1 47 100° S 0 2 “38 -9 97 30 2
RH n.a. 1 49 10 N.a. N.a. 0 " 240 n.a. n.a. Ned. n.a.
RU Nede 1 33 Rt N.a. n.a. N.ae. n.a. N.a. n.a. Nea. n.a.
oL 176110 1 39 100 1166 219 2 31 -947 0 30 100
SE N.a. 1 18 10 1 1 1 74 0 n.a. 30 100
ST 22186 1 34 100 21 2 0 large -~19 -42 n.a. 99
Al Nea. 1 21 75 14 61 95 20 47 n.a. 10 100
MA n.a. 1 47 75 5 22 3 large 17 Nea. 13 100
ST n.a. 1 " 31 100 n.a. n.a. n.a. 96 n.a. n.a. n.a. n.a.
S 57068 1 43 1 24 9 S 69 ~15 100 16 92
A Nea. 1 48 30 1 0 10 86 -1 n.a. 15 100
TE n.a. 1 3 10 n.a. N.a. o] 319 N.a. N.d. Neds n.a.
L N.a. 1 13 10 n.a. n.a. n.a. SS N.ae n.a. n.a. Neae
N 1 13 100 38 25 30 16 -13 100 13 100
TT 1746 1 ) 75 14 19 1 102 5 n.a. 100 .100
w 51680 . 12 < 8 4 2 a2 -4 0 20 94
o 2024 1 a2 z 1 2 0 595 Q Nea. n.a. 8%
XE n.a. 1 Nea. =0 N.é. NG 0 large Neae n.a. n.a. n.a.
o n.a. 1 a7 10 Neae N.de N.ae 464 Nea. n.a. N.a. Nea.
ZH 107708 1 28 75 42 5 25 487 -36 20 1 470
eas 2308 1 32 kle] 1 0 2 73 -1 n.a. 20 10(3
[als! 290125 1 a1 100 37 13 2 2304 -42 39 30 4
TH N.a2. “ Q9 20 o] Neda. 95 1979 N.a. n.éa. 10 100
i noze 1 101 20 Nede N.3. 35 175 N.a. N.ae. 10 n.z.
3% — 1 20 100 5} 0 n.a. 527 0 Nade Nea. 1e0

7) IMPRT/EXPORT VALUES: 1972 VALUES( 3p) IXPRESSED

NOTZ3: 1) C1=CCAL IN £ MILLION
OL=01L 8) ACTUAL RECYCLE (RECYCLE): AS A % OF CONSUMPTION
NG=NATURAL GAS 9) STATIC LIFE INDEX (S.L.I.):CALCULATED FRCM ( '3)
2) CARBON (C) NOT CONSTDERED .~ o nsmgrzon  10) BALANCE OF PAYMENTS(BOP):CALCULATED FROM (g0 )
3) CCNSTMPTION VALUE (CONS.VALUZ)! 11) % CONSUMPTION FROM IMPORTS AND UK PRODUCTICN: FRCM

EXTRESSED INTHOUSANDS OF US DOLLARS USING A

VALUE/UNIT FIGURE ( 13) AND UK CONSUMPTION DaTA( £0)

4)7K RESERVES: INCOMPLETZ DATA ZAS WECESSATIATZD

ZXCLUSION OF THIS CRITERION. ARBITRARY ONIT VALUE

ASSIGNED
) GERCWTH RATES: FROM ( 13) MULIP = B
} 3¥-CO-MAIN PRODUCT: SUBJECTIVE CRITEZRION;

5
6 -
MAIN PRODUCT;LOW VALUZ = 3Y PRODUCT
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LYED BY FACTOR OF TEN
HIGE YALUE

( 20)

RATIO CF ACTUAL TO POTENTIAL RECYCLE(RECYCLE RATIO):
ACTUAL RECICLE AS A PERCEINTAGE OF POTENTIAL RECYCLE
n.a. = NOT AVAILABLE




tin averaging 3 to 4% per annum. Actual recycle rates for most industrially
important materials are high varying from 95% for gold to 37% for copper
and 10% for manganese. The potential for increased recycling averages 10
to 20% with the extremes being titanium (100%) and fluorine (10%).

Using data extracted from Table 3.5 and the computer package shown

in Figure 3.3 points were awarded to each material for each criterion as

shown in Table 3.6.

3.10 Base Run Results

A base run where the individual criterionwere considered to be of

equal significance i.e. a weighting factor of one was computed. The results
are given in Table 3.7 where the subtotals of the three criteria groups are
given together with the total points awarded. Table 3.8 is a modified
version of Table 3.7 showing the final ranking of materials in descending
order of importance. Table 3.8 shows that with all criteria weighted
equally, the most significant material to the UK is copper which is awarded
consistently high points in all the criteria considered. Copper is followed
in descending order of significance by oil, iron, aluminium and nickel.
The secondary position of oil is a result of the low points awarded in the
percentage of UK consumption from UK production criterion, upon which the
effects of North Sea Oil has not been incorporated. The third position of
iron is mainly as a result of a lower Static Life Index. .

Table 3.8 also shows the number of criterisrn considered in the ranking
of each material and the points awarded per criterion. Those materials with
a low number of criteria are predominantly the atmospheric and rare gases
together with the less common materials. Uranium, because of its politically
sensitive nature combined with its potential as a power source has a low

number of criteria values but a high points/criterienvalue. Generally,
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Table 3.6 — Points Awarded to each of the 11 CriteFien Considered

R
& CONS. | RECYCLE| % OONS
ELEMENT | CONS.VAL. | RESERVES | GROWIH | BY~Q0 | IMP.VAL. | EXP.VAL. RECYCLE| S.L.I. | B.O.P.| FROM PROD. | RATIO | FROM IMPORTS
AL 74 100 93 100 66 67 a3
sB 22 100 77 83 28 27 92 gf 262 gg (Z; gg)
AR o] 100 83 0 o fe} o fo) fo) o o) )
AS 0 100 76 67 0 o} o 67 0 0 0 100
BA 0 100 82 10 3 o o 77 6 o .l o 100
BE 0 100 30 83 ¢] o} e} 41 o] o] o] 100
BI ) 100 72 67 2 14 44 83 0 0 80 100
B o 100 88 91 16 9 o 62 15 o o 100
BR 0 100 82 %0 o o 0 o o 0 0 100
foiny 19 100 8l 67 13 16 o 72 8 75 o 100
CS o] 100 88 30 (0] [¢] (o] o] [e] [¢] Q o]
ca 37 100 85 100 9 41 50 o 23 100 77 44
C ) 100 o) 100 ) o 0 0 0 0 0 0
cL 0 100 89 %0 o o 57 o o o 72 o
CR 14 100 81 100 29 28 57 42 27 0 72 95
@ 0 100 73 67 18 20 62 62 13 0 74 100
It ga }88 gg 1188 Zg 78 86 72 7 85 74 95
FL 27 34 85 o 0 67 100
GA 0 100 80 100 0 0 o o} 0 0 0 0
GE o 100 77 67 4 3 91 80 1 0 69 100
au 0 100 83 97 81 97 100 100 41 o 67 100
HF o] 100 84 67 o] [e] o] 5 [e] [e] [e] o]
HE o} 100 87 67 o e} (0] o] [e] o] [e] o]
H (o] 100 98 91 o] o] [e] (o] o] [¢] [e] o]
N o) 100 72 67 o) o o 77 o 0 0 o
I o) 100 85 83 ) o o o 0 o 0 100
FE 71 100 77 100 78 100 91 51 72 100 68 76
KR 0 100 o) %0 o) o o 0 o o o o)
PB 56 100 77 100 49 65 92 82 0 98 68 98
LI o) 100 88 100 0 o o 26 0 0 o o)
MG 54 100 89 100 33 37 73 39 27 100 71 91
MN 31 100 8l 100 38 0 67 64 ) 0 73 95
HG o) 100 80 100 9 6 89 93 8 0 70 100
MO 25 100 87 67 30 15 50 67 31 0 77 100
NE 0 100 o) % o) 0 o} o 0 0 o 0
NT 49 100 84 100 62 74 77 58 44 100 73 100
NB o) 100 %0 96 4 12 44 26 o) 0 80 100
N 6] 100 %0 %0 ) o o 0 0 0 0 0
o) o) 100 88 e} o) 0 o} 0 o 0 0 0
P 23 100 %0 100 48 50 o 20 43 99 o 100
PT 0 100 84 83 54 72 100 59 29 0 67 100
K 19 100 88 100 37 3 o o 4 0 o 100
NG 72 100 89 100 30 o 44 7 33 100 83 40
R 0 100 %0 67 o) o o 50 0 o 0 0
RU 0 100 84 67 0 0 0 o} 0 0 o 0
100 100 92 44 80 100 o] 83 100
oL 100 100 86
1 19 34 67 o 0 83 100
SE o) 100 75 67
42 26 o o 43 87 o 100
SI 39 100 84 100
- 36 78 100 86 57 o 67 100
a5 0 100 n 26 42 71 100
HA 0 100 89 96 22 58 50 o o
fe) [e] 64 o] [¢] o] o]
ST o) 100 83 100 ) 0
44 45 57 68 40 100 73 99
s 47 100 88 67
0 o 67 65 o o 73 100
T o) 100 89 %0
o o o 46 o} 0 o o]
E 0 100 73 67 72 ) ) ) )
L 0 100 0 67 ° ¢ 8 0 38 100 71 100
N 48 100 70 100 51 ® 34 63 25 0 1
b 100 87 96 36 3 > ©
TI 0 83 0 28 34 44 76 21 o 77 99
W 33 oo o o o 20 o 37 o o 0 98
v 0 100 o P o o o o o 0 o o
XE 0 100 5 83 pS o o 41 o o o o
‘.;q 26 g o 9% 52 19 8l 40 53 77 72 95
2 i o - 44 67 5 0 77 100
u 37 1 84 o 56 53 44 18 55 100 83 55
o 0 100 20 o o 67 100
™ o 100 g gg o o 100 55 0 o 67 0
g}: 8 llgg P 100 o 0 o 19 o] o o 100
No¥es © See Table 3°9




Table 3.7 - Sub Totals of Points Awarded to the Three Main Criteria

Groups _and the Total-Rase Run

ELEMENT| ECONOMIC QUANTITIES AVATLABILITY TOTAL
AL 270 385 218
SB 102 352 232 22?
AR 0 189 0 189
AS 0 276 67 343
BA 9 282 77 369
BE 0 250 41 331
BI 16 272 207 495
B 39 288 62 389
BR o] 282 0 282
D 56 356 72 483
cs 0 188 0 188 ’
ca 110 329 127 566
o o) 100 0 100
CL o) 189 129 318
CR 98 276 171 546
oo 51 273 198 - 523
o) 307 369 232 908
FL 39 289 186 514
GA o) 180 ) 180
GE 8 277 240 524
AU 219 283 267 769
HF 0 184 5 189
HE 0 187 o 187
H 0 198 o) 193
™ 0 172 77 230
1 o 285 o) 285
FE 321 352 209 882
KR 0 100 0 100
PB 170 373 242 785
LI 0 188 26 4
MG 150 380 184 714
MN 109 277 204 589
HG 22 280 251 554
MO 102 287 194 583
NE 0 loo 0 100
NI 227 384 208 820
NB 17 250 . 150 457
0 0 188 o) 188
p 164 390 20 574
PT 155 284 225 -~ 665
. % 88 0 388
NG 135 328 204 667
o o 184 0 184
oL 392 286 206 884
SE 20 275 184 479
o1 156 371 0 521
G 166 277 253 696
A 122 289 121 532
or o 183 64 247
s 176 387 199 o
A 0 289 205 494
5 o 179 46 225
I, 0 170 72 242
SN 196 370 244 811
TI 117 287 197 601
W 116 283 196 595
; " 585 37 343
XE 0 1co ° %0
¥ 0 139 41 230
N 200 353 192 746
21 15 284 188 487
1 251 342 1a4 o
s o 100 137 486
5 0 200 222 422

Notes : See Table 3:5

-0]1-




Table 3.8 - Final Ranking of Materials in De

scending Order of

Significance - Base Run.

POSITION | ELEMENT NSToRE
I POINTS | QONSIDERED | POINTS/CRITERIGN
1 cu %08 11 83
2 oL 884 11 80
3 FE 882 11 80
4 AL 873 11 79
5 NI 320 11 75
6 SN 811 11 74
7 5 785 11 71
8 ay 769 9 85
9 s 762 11 69
10 2 746 11 68
11 a 737 11 67
12 MG 714 11 65
13 2G 696 9 77
14 sB 687 11 63
15 NG 667 11 61
16 PT 665 9 74
17 TI 601 0 60
18 W 595 11 54
19 M 589 10 59
20 7% 583 1o 58
21 P 574 10 57
22 ca 566 11 52
23 HG 554 9 62
24 CR 546 1o 55
25 NA 532 9 59
26 GE 524 9 58
27 a0} 523 10 52
28 ST 522 lo 52
29 FL 514 9 57
o BT 495 9 55
31 TA 494 9 35
32 21 487 1o 43
33 - 486 7 63
35 SE 479 9 53
36 NB 457 1o 46
37 u 422 5 84
38 B 389 8 49
39 K 388 9 43
e RA 369 8 46
al AS 343 8 4
2 v 343 9 38
43 BE 331 7 47
45 RE 326 7 47
15 L 318 5 64
46 10 285 8 36
e BR 283 8 33
48 N 230 3 e
19 op 246 3 82
% by 242 3 3L
51 RH 240 : o
> v 230 2 115
23 e 225 4 26
54 LI 214 3 7L
p q 198 4 %
56 N 10 ! b
i AR 189 3 83
o8 ol 189 2 95
2 o 188 4 47
80 cs 187 3 o
o . 187 3 62
o RU 184 3 ol
63 Ga 180 ; 2
64 XE 100 : 5
65 NE 100 ; %
66 KR 100 3 2
67 c 100 ° >
NoYes : See Table 35
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the industrially important materials are near the top of both rankings due
to the availability of published data and consequent high points awarded.

Table 3.8 allows comparison of the changes necessary for individual

materials to alter its positions in the table. For example, to equate iron

with copper 26 extra points would be necessary which would arise for example

from an SLI decrease from 233 years to 38 years.

In future tables, only the twenty top materials will be listed in

order to provide a readily assimiable format.

3.11 Sensitivity Analysis

Implicit in the nature of the base run are the inbuilt unintentional

prejudices of the assessor, and in order to assess whether these prejudices

can significantly affect the end-result a sensitivity analysis was carried out.

Table 3.9 — Table of Weightings Applied for Sensitivity Analysis

WEIGHTING FACTORS - Individual
Run SUB-TOTALS Criterion QOMMENT
No. Weightings
Economic | Quantities | Availability

None Base run
None
None
None
None
None,
None
None
None
None
BOP criterion x 2
Ratio actual/
potential recycle x 2
Cons. value x 2
BOP, potential/actual | Runs ll,
recycle and cons. 12,13,
value x 2 together

O 0 ~dO U W N

&

e
e
HWHFRFNDRRFRRFROOR

HEERHRRFRWRRNDO O
HFERRWHRRNNMEFEO O

—
N

=
S W
—
= -
=
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The first ten sensitivity runs concentrated on the sub-totals of
points awarded for the three criteria groupings. Weighting factors were
applied as shown in Table 3.9 and the results are presented in Table 3.10
for the top twenty materials in each run.

By analysing for each group of criteria, as in .runs 2, 3 and 4 it
can be seen from Table 3.10 that no single group has a dominating influence
over the base case although some interesting results arise. For example,
the quantities sub group is headed by phosphorvs and sulphur closely
followed by the major metals and carbon based organics. This is mostly
because they are imported and processed in the UK to yield high value
products from low value imports. It is possible that a more comprehensive
interpretation of available data may enable the separation of production
from UK reserves and the processing of imported material.

Runs 5 to 10 show the effect of allocating additional significance
to each sub—group of criteria above that given in the base run. This is
achieved by giving weighting factors of two and then three to each criteria
sub—group in turn, with other sub-groups being allocated a weighting factor
of one. No major differences to the base run can be observed although
minor changes in position do occur. It is however worth noting that oil is
sensitive to the economic criteria (cases 2,5 and 8), coal less so, and
natural gas is quite insensitive.

In order to achieve the object of this chapter, i.e. to identify
those materials where increased recycling effort would be beneficial to the
U.K., four additional runs were carried out (runs 11-14) where the weighting
factors were designed to reflect those materials where potential.for a
beneficial change in the Balance Of payments and consumption value would be

possible through realising a potential for increased recycling activity.

In fact the results of runs 11 to 14 do not differ significantly from
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