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Abstract

Considerable effort has been expended during the last 15 years to develop improved methods of analysing
current and future mineral supply, with the objectives of providing illustrations of mineral supply possibilities that are
more meaningful and easily understood. Significant contributions toward these objectives have been made in the course
of studies on world uranium supply, which took place in the 1970s prompted by concern about the future availability
of mineral fuels. The Nuclear Energy Agency (NEA) of the Organization for Economic Co-operation and Development
(OECD), and the International Atomic Energy Agency (IAEA) have played a key role in these efforts, through their
biennial assessments of world uranium supply. There has been a pronounced shift in emphasis in the NEA/IAEA
assessments away from resource estimates by themselves as a measure of supply, because of a growing awareness that,
in isolation, resource estimates cannot provide a truly meaningful illustration of uranium availability. Indeed, resource
estimates taken out of context can lead to false conclusions about resource adequacy. Successive NEA/IAEA studies
have made increasing use of projections of production capability that show the possible availability of uranium from
different categories of resources and production centres over specified time-frames. It is believed that such supply
scenarios provide a much more meaningful illustration of uranium availability for both short and long-term planning
purposes. As part of the effort to introduce such an approach to NEA/IAEA uranium supply analyses, the IAEA has
prepared a manual which provides general guidelines for preparing projections of production capability. It is hoped
that these efforts will contribute to a better understanding of the constraints on uranium supply and to the wider
acceptance of projections of production capability as measures of resource adequacy.

1. INTRODUCTION

Considerable effort has been expended during the last 15 years to develop improved methods
of analysing current and future mineral supply, with the objectives of providing illustrations of supply
possibilities that are more meaningful and easily understood. Significant contributions toward these
objectives have been made in the course of studies on the adequacy of the world's supply of mineral
fuels in general, and of uranium in particular. The Nuclear Energy Agency (NEA) of the Organization
for Economic Co-operation and Development (OECD) and the International Atomic Energy Agency
(IAEA) have played a key role in these efforts, through their biennial assessments of world uranium
supply.[l]

Following its first assessment of world uranium supply, published in August 1965, the NEA
joined forces with the IAEA to broaden the scope of the assessments and to ensure the broadest
possible geographic participation. The most recent of these joint reports, now commonly referred to
as the Red Books, was published in December 1983 [2]. They have become known within the
international nuclear community as the most authoritative references on the subject of world uranium
supply, and have been relied upon as major source documents for studies on world energy supply
carried out by the World Energy Conference [3, 4] and other international organizations. One of the
more important special studies on the future of nuclear energy that relied on the Red Book was the
International Nuclear Fuel Cycle Evaluation (INFCE) completed in 1979 [5].

The Red Book has evolved since 1965 to provide successively more comprehensive and
meaningful assessments of world uranium supply. These assessments have reflected changing concepts
and methods of analysing mineral supply, which have been developed by the national institutions that
have supported the Red Book exercise over the years. This paper attempts to review briefly the
evolution of conceptual thinking that is behind the type of production capability analysis that was used
in the most recent Red Book, as an illustration of the world's currently perceived uranium supply
capabilities.
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2. RESOURCE CLASSIFICATION PRINCIPLES

Comprehensive resource estimates are the fundamental building blocks of any mineral supply
analysis. However, it is essential that resource estimates be tied to a recognized system of classification
in order to be viewed in proper perspective. The principles behind the most commonly used resource
classification systems are illustrated in Figure 1.

This two-dimensional system provides an opportunity to show resource quantities in gradations
of geological assurance (along the horizontal axis) and in gradations of economic attractiveness (along
the vertical axis). The first deals with the level of confidence that the estimator has in the geological
information that is available to him for making his estimates. The range in the level of confidence of
the reported quantities is usually expressed by a series of descriptive terms, such as measured,
indicated, inferred, etc., the distinctions between which are not always easy to define. The second
dimension calls for judgments about mining and processing methods, capital and operating costs and
possible markets, factors that can be equally elusive.

The dynamic nature of the mineral supply system is also illustrated in Figure 1. Over time,
resources can flow from one category to another, as geological knowledge improves as a result of
exploration efforts, and as economic factors vary such that there are changes in costs or prices
associated with production of the resource. To the non-technical person, resources are often thought
of as being finite and static. Because of this perception, such persons are not always aware of the
effects of such things as changes in taxation and regulatory requirements and improvements in
extractive technology on the dynamics of the system.
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FIG. 1. The flow of resources over time.
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These principles are embodied in the NEA/IAEA resource classification system, which is
illustrated in Figure 2. The terms Reasonably Assured, Estimated Additional and Speculative Resources
have become widely accepted internationally in mineral resource terminology. Very simply,
Reasonably Assured Resources (RAR) are those contained in the best known part of a deposit, while
Estimated Additional Resources (EAR) refer to less-well known material associated with the same
deposit. In the case of EAR, a distinction is made between "discovered" and "undiscovered" material
by means of a subdivision into Category I and II (EAR I and EAR II). Speculative Resources refer
to resources contained in yet-to-be discovered deposits that are believed to exist in other geologically
favourable areas. It is important to appreciate that the distinctions between these different categories
are not precise, and that the geological assurance of existence criteria used by different estimators may
vary.
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For the economic subdivisions, the NEA/IAEA system employs the cost of production as its
principal criterion. Although there is not a universal consensus about the total range of costs that
should be considered when making these economic subdivisions, it is generally agreed that as many
of the applicable costs as possible should be included. If all of the costs of producing a kilogram of
uranium are included, then total cost should be equivalent to minimum acceptable price.

The term "Reserves" is generally restricted only to those RAR that are of economic interest
at the time the estimate is made (i.e., they can be exploited at a profit). The NEA/IAEA scheme
restricts the use of the term Reserves to the lowest cost RAR (i.e., recoverable at $US 80/kg U or
less). Too often unwarranted emphasis is placed on the significance of the economic subdivisions. The
distinctions between the cost categories are not absolutely sharp, nor can they be in view of the
continued debate on the scope of the costs to be considered. The principal purpose of the NEA/IAEA's
lowest subdivision, for example, has been simply to distinguish those resources that are of economic
interest at the time of the assessment from those that are not.

The NEA/IAEA resource classification scheme equates very well with most schemes that are
in common use, although terminology differs. Figure 3 illustrates the approximate correlation of terms
used in Canada, France and the United States. It is perhaps useful to recall that the term Speculative
Resources and its definition were not adopted by the NEA/IAEA until 1978, as a means of describing
uranium discovery potential in Phase I of their International Uranium Resources Evaluation Project
(IUREP). Great care was taken in the Phase IIUREP report to emphasize that the tonnages ascribed
to the Speculative Resource category should be viewed simply as a qualitative measure of the current
state of knowledge about areas that are geologically favourable for uranium discovery, and that they
should not be used for nuclear power planning purposes. [6]

3. RESOURCE ESTIMATES AS MEASURES OF SUPPLY

Given a comprehensive set of resource estimates, categorized according to a recognized
resource classification scheme, what do they tell us about future supply possibilities? Unfortunately,
resource estimates in isolation tend to leave unanswered several essential availability-oriented
questions. For example,

- Does the tonnage refer to in-place material or to recoverable material?

- What quantities are associated with existing production facilities and infrastructure?

- What quantities are producible, and at what rate, in the next few years? in the next decades?

- To what extent would production of another commodity lead to co-production of uranium?

- In the case of the EAR II and SR, what portion will actually be discovered, and at what rate?

It is frequently unclear whether a resource estimate represents an in-place quantity, or whether
ore dilution, mining recoveries and ore processing losses have been accounted for. It is essential to
distinguish between an IN-SITU estimate, an estimate of MINEABLE resources (i.e., uranium
contained in mineable ore, after deductions to account for mining recovery and ore dilution), and an
estimate of RECOVERABLE resources (i.e., uranium recoverable from mineable ore after deductions
for expected ore processing losses). Although it is standard practice in many countries to express
resource estimates in terms of mineable ore, it is the estimate of RECOVERABLE resources that is
clearly important, and it is this latter concept that has been adopted in the NEA/IAEA resource
classification system.

Analysis of uranium supply in early Red Books consisted primarily of a tabulation of resources
by country according to the prescribed resource categories. The aggregate totals of these estimates
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were then compared directly with estimates of cumulative requirements as shown in Figure 4. The
comparison seems to illustrate that low-cost RAR are sufficient to meet projected requirements for
about seven years. Should low-cost EAR I and higher-cost RAR and EAR I be included, requirements
could be met for 23 years. The comparison assumes that all of the resources can be made available
over the projected time-frame, an assumption which can lead to a false conclusion about resource
adequacy. Unfortunately, this technique continues to be used commonly by policy analysts, many of
whom distort their conclusions still further by including in their comparisons estimates of undiscovered
resources (i.e., EAR II and SR), without any regard to their discoverability or future availability.
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For many years the adequacy of reserves of a mineral commodity was measured using the
"life index" principle. The life index of reserves is obtained by dividing a country's total reserves of
a mineral commodity by the current annual rate of production. It is concluded, as illustrated in the top
part of Figure 5, that current reserves are sufficient to last 10 years. Such an illustration ignores the
facts that there are different extraction rates and life expectancies for individual operations, and that
production levels may rise in response to increasing requirements. Neither the classic nor the modified
version of the life index illustration depicted in the top two exhibits of Figure 5 bear much relation
to the more likely pattern of reserve depletion shown in the third.

Although the Red Book series did not use the life index principle directly, it did develop a
variation of it called the "forward-reserve" concept. By comparing current "reserve" levels with
projected cumulative requirements for a future 10-year period, an attempt was made to judge the
adequacy of reserve additions from one assessment to the next, and thus whether exploration activity
levels were sufficient to maintain a viable industry. This technique also had its limitations and was
phased out of Red Book studies by 1979.[1]
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FIG. 7. Schematic derivation of a supply monitoring curve.
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4. THE CONCEPT OF PRODUCTION CAPABILITY

Resource estimates by themselves, and techniques that use the life index principle or variations
of it, therefore, are not very helpful in providing a measure of the life expectancy of reserves. Nor are
they very helpful in illustrating the supply flow that could be expected from resources that are
currently delineated or that will be developed over the coming years. However, plausible scenarios can
be constructed to illustrate supply flows from different categories of resources and from different
categories of production centres, using realistic assumptions about such things as ore processing plant
capacities, recoveries, and lead times for ore body development and plant construction [Fig. 6]. Such
scenarios, based on a mine-by-mine analysis, can provide a much more meaningful illustration of
future supply possibilities than resource estimates by themselves. They can also be used to better
demonstrate the reality that considerable exploration and development efforts and related investments
of time, money and manpower are required to achieve future production goals [7].
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The principles behind the generation of these production capability curves are relatively simple
and are shown schematically in Figure 7. The length of the horizontal bars in the upper part of the
figure represents the years it would take to "mine-out" reserves of a metal at each of mines A to H,
at annual production rates estimated for each year. This was a 1977 situation and, for simplicity,
annual production rates are shown as multiples of some tonnage figure. For example, in 1978 mine
F provided 2 units of production and plans were in place to raise this to 4 units per year by 1981.
Cumulative production at the rates shown would exhaust the reserves by 1992. The lower part of
Figure 7 shows the aggregate projected production capability for all of the mines A to H. For example,
the sum of the outputs for 1982 would be 15 units.

Some real examples of such curves are shown in Figure 8 which illustrates expected supply
flows from 1977 Canadian reserves of zinc and lead. In the case of zinc, the life index method
(reserves to production ratio) had indicated that Canada's 1977 production level of 1.2 million tonnes
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of zinc could be maintained for 18 years. The production capability curve, on the other hand, shows
that production would fall below 1977 levels after only 5 years, and would be half the 1977 level in
18 years, and that reserves would not be completely depleted for 30 years.

Figure 9 illustrates how the basic production capability curve can be built up from
progressively less certain supply sources. The life of mines B, C and F can be extended by considering
the inferred extensions to their ore bodies. In addition, two additional mines I and J, supported by
reserves in "on-the- shelf deposits, can be phased in to the supply scenario using appropriate
assumptions about lead-times and ore processing plant capacities, etc. [8].

These techniques have been employed by Canada's Department of Energy, Mines and
Resources (EMR) for a number of years to monitor the production capability, on an annual basis, of
copper, zinc, lead, nickel, molybdenum, silver, gold, iron and asbestos [9]. Similar techniques are used
in Canada's annual uranium supply assessment programme [10].

5. PRODUCTION CAPABILITY AND THE RED BOOK

The production capability concepts described briefly above have been incorporated into the
NEA/IAEA's most recent Red Book. In addition, in an effort to encourage a wider use and acceptance
of such techniques, guidelines for the preparation of projections of uranium production capability were
published by the IAEA in July 1984 [11].

In order to systematize the preparation of production capability scenarios and to ensure that
projections prepared by different countries can be aggregated into meaningful totals, the NEA/IAEA
developed definitions for four classes of production centre. A production centre refers to "a production
unit, consisting of one or more ore processing plants, one or more associated mines, and the resources
that are tributary to them." The four classes of production centre are defined as follows:

(i) EXISTING Production Centres are those that currently exist in operational condition and
include those plants which are closed down but which could be readily brought back into
operation.

(ii) COMMITTED Production Centres are those that are either under construction or are firmly
committed for construction.

(iii) PLANNED Production Centres are those that are planned, based on feasibility studies that are
either completed or underway, but for which construction commitments have not yet been
made. This class also includes those plants that are closed and which would require substantial
expenditures to bring back into operation.

(iv) PROSPECTIVE Production Centres are those that could be supported by tributary RAR and
EAR I, i.e. "known resources", but for which construction plans have not yet been made.

The object of the exercise is to make "an estimate of the level of production that could be
practically and realistically achieved under favourable circumstances from the plant and facilities at
any of the types of production centres described above, given the nature of the resources tributary to
them." A number of basic pieces of information are required with respect to each production centre,
as follows:

- Current resource estimates, by specified category and sequence of exploitation in the latest Red
Book, only RAR and EAR I, recoverable at costs of $US130/kg U or less were to be used.)

- Start-up and expansion dates of the production units.
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The daily ore processing rate (i.e., plant capacity).

The number of operating days per year.

- The average grade of the ore that is fed to the ore processing plant.

- The average ore processing recoveries (i.e., it is usually easier to use resource e s t i m a t e s
expressed in terms of mineable ore).

These pieces of information can be combined readily for each production centre with the help
of a table like that shown in Figure 10, taken from the new IAEA manual on production capability
[11]. Variations of such a table may be more appropriate in individual cases, and where there is a very
large number of production centres to analyse, computers would be helpful but are not essential.

Following a production-centre by production-centre analysis, the results can be aggregated and
grouped according to a variety of desired combinations. Figure 11 demonstrates, schematically, the
way national production capability projections were aggregated in the most recent Red Book. The
objective was to prepare an illustration of two possible levels of future world uranium production
capability, which could be supported by resources contained in known deposits. The lower curve,
constructed by aggregating production capability estimates for all EXISTING and COMMITTED
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production centres, illustrates a uranium supply level that can be counted upon with a fairly high
degree of certainty. The upper curve, which includes the production capability possible from
PLANNED and PROSPECTIVE production centres, illustrates that a higher level of production could
be achieved if required, and given appropriate incentives. This two-scenario approach shows that there
is a broad range of production possibilities depending on how the uranium market actually develops.

Figure 12 presents the results of the latest Red Book production capability analysis, in
comparison with an illustrative range of projected world1 uranium requirements. The figure shows that,
while sufficient production capability is committed at the moment, some additional production would
have to be put in place by the early 1990s to meet the projected requirements. Beyond the turn of the
century, even with the uncommitted production centres that could be supported by "on-the-shelf"
deposits, uranium could not be made available at rates sufficient to meet the illustrated requirements.
Clearly, new production centres would be required and further discoveries would have to be
forthcoming to support them. The figure also illustrates how the RAR and EAR I associated with the
respective production centres would be depleted, assuming optimum conditions and no new
discoveries.

6. CONCLUSION

There has been a growing awareness that resource estimates, in isolation, cannot provide a
truly meaningful measure of mineral supply. Unfortunately, they leave unanswered too many
availability-related questions. These limitations have led to increased efforts to develop techniques for
projecting production levels that could be supported by specified categories of resources and
production centres, given varying assumptions. Such projections rely on a production-centre by
production-centre analysis, and are normally aggregated according to successively less assured classes
of production centres, to provide several possible mineral supply scenarios. Such techniques are being
used effectively in a growing number of national uranium supply assessment programs, and have been
adopted in recent NEA/IAEA Red Books as a more meaningful way of illustrating future uranium
availability. It is anticipated that such projection methodologies will benefit from continued
development and that the production capability scenario approach will become increasingly popular
as a method of illustrating future uranium supply possibilities.
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