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Introducing Physical Constraints into Economic Models

1. Introduction 

The physical attributes of natural resources both enable and constrain economic activities and are crucial in determining the sustainability of an economy.  One shortcoming of the iconic input-output model, (I – A) x = y, is the implicit assumption that any final demand y can be satisfied by some production vector x, without consideration of limits to resource availability.  The most satisfactory way to reflect the effects of such limits is offered by the theory of comparative advantage, widely considered to be “the deepest and most beautiful result in all of economics” (Findlay 1987), a “crown jewel” of the discipline (e.g., Rodrik 1998).  It is accorded this pride of place because of its comprehensive scope: it explains the quantities of all goods produced in all potential trading countries and the prices at which they are exchanged.  The explanatory variables include all countries’ consumption demand for products and the production technologies in place as well as each country’s factor endowments measured in physical amounts.  The last correspond to those required inputs whose supply is more or less fixed, at least during a given production period, thus constraining the volume of potential production of goods, and more or less immobile by contrast with tradable goods and services.  The theory states that all countries can benefit if each specializes in those goods in which it has a comparative cost advantage, even if it does not have the absolutely lowest cost of production.  The relatively lowest-cost country will produce a good until some factor needed for its production is exhausted.  Then the next relatively lowest-cost country enters production until it too runs out of some factor.  The highest-cost producer whose output actually enters into world trade sets the world price for the good.  Each of the lower-cost producers reaps a windfall profit corresponding to the difference between the world price and its own (lower) cost of production.  Thus, measures of the endowment, or stock, of each factor and of the corresponding factor services, or flows, required per unit of produced output are crucial for the empirical determination of the global distribution of production, factor use, and prices.

During the last decade, the construction and application of multi-regional input-output databases and models of the world economy have advanced significantly, often focused in particular on the analysis of resource use and pollution.  For several generations now, economists’ attention has focused almost exclusively on built capital and labor as the factors of production, but it is increasingly recognized that factors also include natural resources, namely arable land, fresh water, and deposits of fossil fuels and minerals such as chromium or phosphates; see (Duchin 2010) for a discussion of resources as factors of production.  
Economists are accustomed to measuring factor inputs in monetary values; in fact often as a single number, value added, the sum of all factor inputs times their unit prices.  However, to serve as a constraint on production capacity, we point out the evident fact that factor supply, like factor inputs, needs also to be measured in physical units.  A multi-regional input-output model of the world economy, the World Trade Model or WTM, is based on comparative advantage and represents these endowment constraints for all potential trading partners for any number of factors of production measured in physical as well as value units (Duchin 2005).  It imposes physical constraints on factor use by explicit quantification of resource endowments.  The model has been applied using crude estimates of resource stocks and flow requirements in each region in the absence (except for the labor force) of documented measures of factor endowments (see also MacLean et al. on the need for systematic compilation of resource stock data).  
Flow requirements in physical units for individual resources have a longer and more successful history of compilation and analysis in an input-output framework than do stocks.  Pioneering studies with physical measures of water requirements were carried out in the 1960s for water use planning in California (Lofting and McGauhey 1963, 1968) and provided a model subsequently applied to other American states.  The earliest input-output analysis of energy use in physical units is that of Herendeen and his colleagues (Herendeen 1974, Hannon 1975, Bullard and Herendeen 1975).  Today especially at the European level satellite environmental accounts in physical units for various resource inputs and pollutants are compiled. Examples are NAMEA (“National Accounting Matrix including Environmental Accounts”), a system devised by Statistics Netherland in 1991, and the UN SEEA (System of Integrated Environmental and Economic Accounting; United Nations, 2003).  Both include resource flow accounts in both monetary and physical units. The preparation of accounts that are part of the System of National Accounts promotes a consistency between the money units and physical units that is otherwise hard to enforce.  Several European countries and Japan are the most active participants in these efforts, and some reporting areas notably for air pollution are already quite advanced.   Data collection for the NAMEA material accounts is still in process, and the energy and water tables are still under development.  There is expressed interest in stock data for subsoil assets, but very little data have so far been produced.

This paper grows out of the EU-funded Integrated Project called EXIOPOL (“A New Environmental Accounting Framework Using Externality Data and Input–Output Tools for Policy Analysis”).  Its objective is to build a database that covers the entire world economy by assembling existing input-output tables plus a substantial amount of detail about resource use and pollution generation, rendering consistent the data coming from a large variety of sources.  The EXIOPOL database includes 43 countries and a rest-of-world region, distinguishes 129 production sectors and is intended as a one-stop data source for analyses related to global sustainable development (Tukker et al. 2009).  The seven factors that are the focus of this paper constitute a subset of the resources covered by EXIOPOL: labor, capital, fuels, metals, phosphate rock, water, and land.  They were selected because of their economic importance, environmental significance, and their critical role for agriculture, the focus for the first round of EXIOPOL scenario analysis using the World Trade Model.  The EXIOPOL database focuses mainly on flows and much less on stocks.  This paper describes our approach, as partners in the EXIOPOL project, to compiling the stock as well as flow data necessary to run the WTM.  Especially with regard to the quantification of the stock data the state of the art regarding accounting methodologies varies considerably.  This paper aims to throw light on these issues from the point of view of modeling requirements, using the WTM as our reference model.

The remainder of the paper consists of four sections.  In Section 2 we describe the distinctive features of major factors of production, define a general scheme for quantifying different concepts for endowments, and identify existing data sources for data on stocks as well as flows.  Section 3 provides a brief description of the WTM and shows how the endowments, shown in the Annex for selected factors in Tables A2-A7, are used as constraints on production.  The final section offers conclusions.
2. Stock and Flow Attributes and Data Sources
A stock is the accumulated amount of some factor, measured in a physical unit relevant for that factor, while a factor flow is the rate of change in the stock, that is, the amount added to (if it is renewable or expandable) or subtracted from the stock in a given period of time.  Thus the labor force is a stock subject to annual entries and departures of workers, as is the collection of built capital, which experiences retirements, replacements, and expansion in the form of buildings, equipment, and infrastructure.  Portions of the stock may be unused, corresponding to unemployed workers and unused production capacity.    

Unlike labor and capital, resources may be physically incorporated in products, and therefore potentially recoverable, and may be unpriced (e.g., water).  All the elements in the periodic table are subject to natural cycling, most at extremely long time horizons, driven by geotectonic processes that are virtually impervious to our influence (see chapter 1 of Smil 1997).  These include the metals and minerals.  Other elements including carbon, nitrogen, and sulfur cycle much more quickly.  These are vital for maintaining all forms of life, and their cycles are heavily influenced by human activities like the combustion of fossil fuels.  Mineral deposits, permanent water reservoirs, and soil composition are all outcomes of these cycles.  Humans also create material cycles, involving the formation of secondary stocks (besides the primary ones in the lithosphere) as in the recovery of metals from discarded products or of phosphate for fertilizer from urine.  The hydrological cycle circulates an essentially fixed amount of water, of which some adds to stocks and some is withdrawn for human purposes.  In the case of water, the annual flow in a given location may actually exceed the size of the stock.  And finally there is the stock of arable land, which is impacted by changes in land use, such as the clearing of forestland for crops or the conversion of cropland for housing developments.

For mineral resources, the US Geological Survey (USGS) makes several distinctions to guide the process of quantifying stocks.  The categories are shown in Figure 1 to include, in the columns, several degrees of certitude about the deposits ranging from, on the left, demonstrated deposits to speculative, still undiscovered ones on the right (USGS, 2010b, Appendix C).   Down the rows, three categories distinguish the cost of extraction compared to that of currently exploited deposits, with the reserves defined as those exploitable with current technologies and at current prices.  At the lowest level are low-grade materials that are considered subeconomic even with future technologies.  These distinctions are a vital starting point for measuring the available supply of nonrenewable resources, as they combine geologic information about physical quantities with economic and technological considerations.  While the entire demonstrated resource could be defined as the stock, for many purposes a better choice would be the reserve, or the more inclusive reserve base, which is close to exploitable at current prices and technologies.  However, estimates of the marginally economic reserves are also vital as a potential expansion to the endowment under scenarios that specify technological changes or growth in consumption demand that results in price increases.  
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     Source: USGS (2010b), Appendix C.  See also BGR (2006)

While these kinds of distinctions are vital, other considerations also need to be taken into account.  There are social and environmental reasons why even economic reserves may not be fully available for use.  For example, we accept that some categories of able-bodied individuals are outside the labor force and that generally wetlands should not be drained to expand crop production.  Another kind of constraint is operative when there is inadequate built capital for extracting more than a fraction of the available resource supply.  

A database that quantified the entries of Figure 1 for all major resources and countries would be an excellent starting point for modeling purposes.  Unfortunately, Figure 1 reflects a conceptual scheme, but it is not at the present time implemented except in a very fragmentary way.  If it were actually compiled, expanded in scope, and updated periodically, this information would enable monitoring changes in sustainability over time as well as providing the empirical basis for the analysis of alternative scenarios about the future.

2.1. Building a Global Stock Database 

We focus on seven factors that often constitute binding constraints for expanding production: labor and built capital; deposits of fossil fuels, metals, and phosphate rock; and supplies of fresh water and arable land.  We discuss candidate measures of the stock and flows for each to quantify physical availability as well as extraction or withdrawal in a particular region and identify the most important data.  Typically, access to a stock will be limited for economic, social, or environmental reasons, and we suggest a simple approach to take these considerations into account by defining the conceptual construct of the Sustainable Supply.  In Section 3 we present numerical estimates for some of these measures.      

Estimates of the stocks and flows of factors of production are generally compiled at the national level with responsibility for each factor typically residing in a different, specialized government agency.  Each develops its own definitions and conventions based on specialized knowledge and methods.  Some conceptual bridges are needed to integrate the resulting data into a common database.
In the case of some factors, a government agency in one country (such as the US Geological Service) or a corporation with global interests (such as BP in the case of fossil fuels) will estimate stocks of certain resources on a global basis.  A handful of international institutions assemble country-level stock data on particular factors into a database that covers a multi-country region or even the world as a whole.  Examples are the Food and Agriculture Organization for data on land and water and the International Labor Organization, both agencies of the United Nations.  Another example is the European Union, which funded the EU KLEMS project to compile a database mainly covering EU member states on the stock of built capital, labor, and several other variables.

A systematic way of deriving the desired measures for the stocks of the seven factors is laid out in Table 1, which describes in its columns several stock concepts relevant to each factor.  Column 1 contains an initial, inclusive definition, which serves as an upper limit on the stock of the corresponding resource in a given region during a specified production period.  The final column describes what we call the Sustainable Supply, which is in general substantially smaller than the initial stock due to factor-specific deductions from the upper limit.  (In the text we will capitalize the terms Stock and Sustainable Supply when they refer expressly to the columns of Table 1.)  The stocks of fuels, metals, and minerals (such as phosphate rock) are described by the estimated quantity, for deposits exceeding a given minimal concentration, in the lithosphere.  The Stock is disaggregated into several categories by economic criteria, distinguishing in particular the portion that can be extracted using known technologies (at close to the current average cost) in the region where it is located, that is, the reserve.  Explicit criteria for disaggregation by economic category need to be developed.

Column 3 provides an example why a portion of the Stock might not be extracted for social reasons, such as the fact that the indigenous community may oppose disturbing a particular parcel of land.  Another portion might be left in place for environmental reasons, such as to protect water sources.  Column 5 shows the Sustainable Stock, defined as the initial Stock minus possible economic, social, and environmental exclusions.  
Typically only a fraction of the Sustainable Stock can be extracted because of limited extraction infrastructure.  Thus, the Sustainable Supply in column 7 is defined as the minimum of the Sustainable Stock and the amount that can be extracted with the built capacity in place (the latter being a flow concept).  For most resources, the former is always larger.  The final column indicates the unit of measurement for each factor.
In the case of fresh water, the available supply includes permanent underground and surface reservoirs, soil moisture, and runoff from precipitation.   However, some of the reservoirs may be physically inaccessible.  In addition, substantial amounts of fresh water need to be reserved for environmental purposes and are therefore off limits for human withdrawal.  The extent of environmental exclusions, for example restricting withdrawals from reservoirs that are not replenished, is a matter of judgment.  However, there is substantial consensus to count as environmental exclusions the minimum water to satisfy the needs of aquatic species (called low-flow requirements) and for such functions as maintaining river channels (high-flow requirements) (Rosegrant et. al. 2002, Smakhtin et al. 2004).  In different watersheds, the dependence of the Sustainable Stock on reservoirs vs. runoff (i.e., stocks vs. flows) may vary greatly.  Sometimes infrastructure in place for extraction and delivery of fresh water may be inadequate to make the Sustainable Stock available for use while in others the capacity of the infrastructure may actually exceed the Sustainable Stock.  This corresponds to the mining of aquifers or other reservoirs by extracting more than the amounts replaced by runoff from precipitation.  
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The stock of arable land includes not only the surfaces currently cultivated but also pasturelands, forestlands, and lands in other uses that could be converted to agricultural production.  Land expansion for agriculture obviously competes with other potential uses.  Environmental exclusions include preserving wetlands or particular habitats or leaving fields fallow to avoid soil degradation.  The supply of soil nutrients is considered below.

The most inclusive measure of a country’s stock of labor is its population.  Some people might be unemployable because they are insufficiently skilled for the requirements of the society.   Child labor is not acceptable by international agreements, and societies with welfare systems provide for retirement of older workers.  All of these are part of the population but outside the labor force.   
Built capital can in principle be measured in physical units in two distinct ways, both vital for analyses of sustainable development.  The first is a direct description of each sector’s capital stock as an inventory of buildings, equipment, and infrastructure of different types.  The other measure is the production capacity of the sector’s capital stock, that is, the amount of a sector’s output that can be produced if its built capital stock is fully utilized.  For a dynamic input-output model (of a single region) that uses both concepts and represents the relationship between them, see (Duchin and Szyld 1985).  
While the size of the initial stock may be reduced by economic, social and environmental exclusions, some stocks are subject to augmentation.  The labor force can be expanded by raising the age of retirement, providing training for those outside the labor force, or relaxing immigration laws.  Land unfit for use can be reclaimed.  Metals or some minerals like phosphates can be recovered from discarded products or from animal wastes, respectively, to constitute a secondary stock.  Secondary stocks are outside the scope of this paper.

2.2. Data Sources for Sustainable Supply 

This section identifies the major data sources for quantifying stock and flow data for the supply categories described in Table 1 for three groups of factors: labor and capital; resources extracted from the lithosphere; and water and land.  

2.2.1. Labor and Capital 

Labor

The resident population is the pool from which the labor force is formed, and reasons for remaining outside the labor force vary.   The UN Population Division (2009) and the U.S. Census Bureau (2009) publish estimates of national and global population as well as projections of future population in high and low variants.  The labor force is defined as the number of people (measured in person-years) who are employed during a given year plus the number unemployed, those without work but seeking employment.  The International Labor Organization (ILO) of the United Nations compiles annual statistics on the labor force for most nations (2009a), based on national accounts that rely on national censuses, establishment surveys, and household surveys.  The database extends from 1945 through 2008, but estimates are available only for years provided by each nation’s national accounts.   The ILO also provides the Economically Active Population Estimates and Projections (EAPEP), a time-series and projection of economically active populations for the period 1980 through 2020, created by integrating data from various survey types and geographic areas, and resolving other comparability challenges (ILO, 2009b).   Labor flows, or employed by sector, are also reported, with economically active population disaggregated by age group, occupation, and level of education (ILO, 2009a).  There is no explicit breakdown of the portion of the population outside the labor force for economic or social reasons (columns 2 and 3 of Table 1) except for implicit exclusions because of young or old age.
Built Capital

The reason that economists are interested in a detailed inventory of the built capital stock by capital-using sector and type of asset in physical units is to serve as the basis for quantifying their money values.  The two main objectives are to estimate the value of the capital stock, as it is an important component of national wealth, and to provide a measure of capital services for studies of the productivity of capital.  Such an inventory is also of interest for industrial ecologists, who describe the stock not in money values but in terms of its resource content.  The estimated resource content of the built capital of a developed economy serves as a basis for anticipating future global resource demand especially in fast-growing developing economies.  The inventory also quantifies the size of the secondary stocks of specific materials.  Our immediate objective in this paper is to quantify the limitation that the size of a sector’s stock of built capital places on the amount of output the sector can produce.   Note that this measure of output capacity is different from both the money value of the stock and its material composition.  A detailed inventory of built capital measured in physical units can thus serve several purposes.

Unfortunately, such an inventory does not yet exist, and both economists and industrial ecologists instead make estimates using indirect, statistical methods requiring a number of assumptions about product lifetimes and discard patterns: the method used for the economic accounts is called the Perpetual Inventory Method, or PIM, while industrial ecologists have developed statistical dynamic models (e.g., Spatari et al. 2005).  But both communities also have made some direct measurements of the stock as a way of testing their assumptions.  Importantly, Statistics Denmark relies upon a building registry instead of PIM estimates for this category of built capital, and it has used the stock of registered dwellings as a control figure for evaluating PIM estimates based on alternative assumptions about useful life (Dalgaard and Thompsen 2003).  In Japan researchers have surveyed owners of capital goods to obtain direct information about discard behavior for improving the representation of asset lifetimes for PIM estimates (Nomura 2005).   Industrial ecologists at the Yale Stocks and Flows Project have counted buildings by category in New Haven, Connecticut, to estimate their content of iron and copper (Drakonakis et al. 2007) and of nickel (Rostkowski et al 2007).   These efforts appear to us very promising to replicate at a much larger scale. 

A dynamic input-output model of an economy requires not a row of capital flows but a matrix of capital stock requirements that distinguishes individual categories of capital needed per unit increase in a sector’s output.  But we start with a much simpler approach of representing total capital requirements per unit of output (the flow) and the total available to the sector (the stock).  These totals reflect the individual types of capital each with its unit price.

At the present time the most complete coverage of the capital stock for more than individual countries is provided by the EU KLEMS project based, at the University of Groningen in the Netherlands (http://www.euklems.net).  It has the ambition of compiling a global database of the fixed capital stock using PIM, although current coverage is limited to a handful of mostly European nations.  Their sources include national accounting data from individual countries and the OECD Structural Analysis database (O’Mahony and Timmer, 2009). Data are available for most countries for the period from 1970 through 2005.  Capital stock is disaggregated by industry, yet capital flows, or the capital necessary to produce an average unit of output, are not available.  This would require estimates of the rate of utilization of the capital stock in each sector during a given period.
The money value of built capital changes in the course of its lifetime due to its age, the availability of new technologies, and changes in replacement costs.  On the other hand, the material content hardly changes, nor generally does its capacity to produce a certain quantity of output.  We use EU KLEMS stock estimates in money values for regions covered by that database and make rough estimates for other regions. 
There are economic, social, and environmental reasons why the entire stock may not be utilizable.  Some plants will be more costly to operate than others, unsafe for workers, or excessively polluting.  These exclusions have not been estimated at this time.
2.2.2. Fossil Fuels, Metals, and Phosphate Rock
A number of sources provide estimates of demonstrated deposits of non-renewable resources for individual fossil fuels, major metals, and some minerals.  In the last two decades concerns about potential resource shortages, volatility and long-term increases in prices, and resource dependency have focused attention on the reliability of published figures quantifying reserves and the reserve base as well as the likely magnitude of undiscovered deposits.

There are two major reasons why reserve and resource data may be unreliable. First, different interests and political influences result in different biases on the part of the compiler.  The possession of primary inputs for energy production imparts political power, as in the case of Europe’s dependency on natural gas imports from Russia.  Even with unbiased estimates, political instability can limit availability independent of physical abundance.  For example, Morocco currently controls the phosphate rock reserves in troubled Western Sahara, where one of the world’s biggest deposits of phosphate rock is located (Cordell, 2009).  And, of course, the process of resource stock estimation is inherently uncertain.  Furthermore, estimates of social or environmental exclusions for such resources are hardly considered.  While there are fairly reliable data for fossil fuel and a range of mineral reserves, opinions differ widely when it comes to estimations of resources, making it vital to compare resource stock data from different sources. 
Fossil Fuels

Worldwide, crude oil is still the most important primary energy source due to its suitability for multiple uses, especially as a liquid fuel for motorized transport. In the next decades this circumstance is not likely to change (BP 2007, IEA 2005). The regional distribution of world reserves for conventional crude oil is uneven: 62% are located in the Middle East, 10% in the Commonwealth of Independent States and 10% in Africa. While the OPEC countries possess over 76% of the reserves, the OECD countries possess only 6%.

In 2006, natural gas (NG) already accounted for 24% of world primary energy consumption (BP, 2007), and its use is expected to increase worldwide by about 160% in the next 25 years (EIA, 2007). The largest consumer is the U.S., followed by Russia, Germany, Canada, Iran, and Japan. Relative fuel efficiency makes NG an attractive alternative for new power generation plants, and its combustion is cleaner than of petroleum or coal. 
Amongst the major energy sources, the use of coal is the fastest growing worldwide. It remains abundant and comparatively inexpensive and is widely distributed around the world. It is extractable in over 70 countries, with reserves in each of the major world regions. In 2006, coal’s share in world primary energy consumption was 30% and it also has the largest resources with a share of 37% (by heat content) of total energy resources (WEC, 2007). 
Data on reserves of fossil fuels are not abundant but several sources report estimates for specific time periods. The two principal sources, BP (2007, 2009) and the German Federal Institute for Geosciences and Natural Resources (BGR, 2006), publish data for all the three main fossil fuels.  Especially for oil and natural gas, the BP data are the more comprehensive, covering the years 1985 to 2008 for about 50 countries. The BGR data have more detail for the European countries and are of great value to test the BP data for plausibility. In the case of oil, data from the US Energy Information Administration (EIA, 2006) can also be used for this purpose. Acquiring reserve data for coal is more difficult for past years but relatively easy for recent years. Data from BP, EIA or BGR go back only a few years, but the World Energy Council (2008) carries out triennial assessments of reserves of energy carriers in around 40 countries starting in the year 1986.
The most comprehensive currently available data set for the extraction of fossil fuels are published by IEA (2010a, b).  Other sources for Europe include Eurostat’s Energy Statistics (2010b), and for worldwide data the UN Energy Statistics (United Nations, 2010), the US Geological Survey (USGS, 2010a), the British Geological Survey (2010) and World Mining Data from the Austrian Ministry for Economy and Labour (WMD; Weber and Zsak, 2009). 
Metals
Metal deposits can be compared in terms of the ultimate metal content contained in an extracted ore, i.e., the concentrate made available by the metal extraction and refining industries for subsequent use in industrial production.  However, it is not only the concentrated metal content that determines both the environmental impacts of the mining operation and its cost-effectiveness. Also the amounts of crude ore containing the metal (so-called run of mine) and the overburden (e.g. soil, rock) need to be considered. Therefore, in Material Flow Analyses (MFA), factors are applied in order to quantify extraction of crude ore and to estimate the overburden.  For our purposes, we are concerned with extraction industries that take in crude ores and deliver concentrate.  It is thus vital to distinguish deposits by metal concentrations in the ore, but this information is hard to come by.  Some information is available in the country and metal-specific reports from the German Federal Geological Institute (see, for instance, Kippenberger, 1999) and the US Geological Survey.
It is worth noting that concentrations of metals in crude ores are generally decreasing (Mudd, 2007a, b, 2009), implying that ever larger amounts of ore needs to be extracted in order to produce a unit of concentrate, so increases in both environmental pressures and economic costs of metal extraction can be anticipated. 
The USGS surveys are the major source (2010b) of stock data for metals.  The stock categories used by the USGS (see section 2 and Figure 1) distinguish metal reserves, the more inclusive reserve base, and for some metals resource values. The reserve base must meet specified minimum physical and chemical criteria related to current mining and production practices including those for grade, quality, thickness and depth. It includes those resources that are currently economic, marginally economic and some of those that are currently not cost-effective.  Resources are the amounts of a metal contained in or on the Earth’s crust in such form and amount that economic extraction of a commodity from the concentration is currently or potentially feasible. However, resource numbers are provided for only a small selection of metals and often only for the world as a whole and comprise sometimes only very rough estimates.  Reserve figures are reported for a larger number, but still for only for a selection of metals. In the course of the EXIOPOL project it was possible to compile data for the three metals with very high extraction numbers worldwide: aluminium, copper, and iron ore.  Here, the USGS data go back to the year 1996 and cover all countries of the world (Praschl et al., 2008). 

As for metal extraction, or flows, Eurostat economy-wide material flow accounts (ewMFA) covers European countries (EUROSTAT, 2010a). However, they are currently available for only five metals.   For global coverage, BGS (2010), USGS (2010a), the World Mining Data set (WMD; Weber and Zsak, 2009), or datasets integrating these data in global MFA datasets, such as SERI’s database on material extraction (SERI, 2010) can be used, for individual metal ores.  The last reports extraction and production of 35 metal ores for around 200 countries over the time period of 1980 to 2007. 
Phosphate Rock
Phosphate rock, like fossil fuels and metals, is a geologic mineral and a naturally non-renewable resource.  As 90% of phosphate rock is used for food production, correctly identifying the remaining stock of this mineral is crucial for a database that will support the analysis of scenarios about future agricultural production, food availability, and diets (Cordell, 2009).  Phosphorus is a scarce element and does not exist in any long-living gaseous substances (Smil, 2000).  The other main limiting nutrient in agricultural production, nitrogen, can be produced from a large atmospheric stock of N2 through the Haber-Bosch production process, and it therefore does not face the same stock limitations as phosphorus.
Estimates of phosphate rock availability and quality vary by source.  USGS (2010b) provides estimates of global and national phosphate rock reserves, whose exploitation is currently economically feasible.  Estimates of marginal, sub-economic, or inferred reserves are not available.  The unit of measurement in many studies quantifying global phosphorus flows is millions of tons (Mt) of P (Smil 2000, Cordell 2009).  However, phosphorus occurs as part of a compound, either as phosphate rock or in processed fertilizer (P2O5).  The USGS reports extraction data in both tons of phosphate rock and its P2O5 content, but stocks are reported only in tons of phosphate rock.  P comprises 43% of the weight of P2O5 making for easy conversion of units.  Nonetheless, data on the ore grades in different regions is still lacking, so a rough estimate must be employed.
Data are provided for all hose regions with large deposits and extractions of phosphate rock, using the same procedures as for other minerals and metals (USGS  2010b).  USGS estimates of regional stocks and extraction go back to 1996, while global estimates of the total stock of phosphate rock in the crust and the amount extracted since the mid-19th century are also available (see Cordell, 2009).  According to USGS estimates the majority of high quality deposits are highly concentrated geographically, with 85% of the stocks residing in just five countries: the United States, China, Morocco/Western Sahara, Jordan, and South Africa.  Like other factor inputs, phosphate rock varies in origin, composition, and grade. 
Annual extraction, trade, and consumption statistics for phosphate rock are available from the International Fertilizer Industry Association (IFA) for the past decade (IFA, 2010).  The IFA is currently compiling a new database of global phosphate rock stocks and flows, stimulated by the increase in price of phosphorus in 2008 (Cordell, personal communication).  Like with metals, comparing data from multiple sources can be vital, given the different potential biases of the compilers.  The BGS and WMD also provide estimates of phosphate extraction, although no stock data are available from this source.
2.2.3. Arable Land and Fresh Water

Arable Land

Anthropogenic uses of land are diverse and compete strenuously for a scarce resource.  Agriculture accounted for as much as 37% of global land area in 2007 (Bank, 2008), mainly for growing food crops or raising livestock.  Aside from food production, arable land is devoted to fiber and energy products, for instance agro-fuels such as palm oil.  Land also provides the fundament for our infrastructure, such as buildings and roads.  Once land is converted for sealed housing or infrastructure, it is virtually impossible to restore the soil to other uses (IIASA, 2006).
The total stock of arable land includes not only land currently cultivated for crops but also pastureland, forests and all other unused land potentially suitable for agriculture.  Many factors influence the productivity of land for farming or animal grazing, including grade, soil qualities and length of growing season.  Since individual plants also have distinctive needs for optimal growth, parcels differ substantially in potential yields for different crops.  
The stock can be disaggregated by multiple criteria and at different geographic scales, depending on the specific research questions to be addressed. Julia and Duchin (2007), for example, used data from Darwin (1995) to distinguish six land types in each of twelve world regions, with each land category characterized by length of growing season and yield potential by crop.  Of course, land productivity is intricately linked with the presence of water and nutrients, in particular nitrogen (N), phosphorus (P), and potassium (K) as well as with the farming system utilized.  Each resource needs to be quantified individually as any one of them may be the limiting factor in a given situation. 

The Food and Agriculture Organization (FAO, 2000) and by the International Institute for Applied Systems Analysis (IIASA, 2006) publish estimates of the amount of potentially cultivable land based on terrain, soil and climate characteristics.  However, as neither covers all world regions, information from both sources was used for building country-specific estimates.  
From these figures we subtract estimates for non-agricultural areas that occupy land suitable for agricultural, figures that are available but still very rough.  The latter are mainly protected land, forests and human settlement.  Decisions as to the use of these areas depend on social and environmental considerations as well as the economic values attributed to them.  Measurements of the arable share of protected land and human settlement are scarce, so assumptions have to be made.  A study by Alexandratos (1995) applying state of the art techniques for an extensive number of countries provides the basis for the assumptions.  In the absence of information about the share of arable areas covered by human settlement, IIASA makes the heroic assumption that all land covered by human settlement is cultivable, on the grounds that historically cities emerged in the most fertile regions (IIASA, 2006). In the case of forest covering cultivable areas, IIASA is the only source of these estimates, and they were made for only one year, 1994 (2002). Due to the rapid advance of forest clearance and transformation, it should be a priority to update these estimates.
Fresh Water

The System of Environmental-Economic Accounting for Water of the United Nations Statistics Division (UN SEEA-W; United Nations, 2007) represents the first comprehensive international effort to establish definitions and conventions for water accounting.  Stocks are defined as all inland water bodies, namely surface water (rivers, lakes, artificial reservoirs, glaciers, snow and ice), groundwater and soil water. Changes in stocks are due to inflows, outflows, and precipitation (from natural processes) and withdrawals and returns (due to anthropogenic activities). Among the most important features of the UN SEEA-W are the inclusion of stocks, on the one hand, and the differentiation of “green” water and “blue” water – water having precipitation as its immediate source and water withdrawn from surface or groundwater, respectively. (see Chapagain and Hoekstra, 2004; Falkenmark and Rostrom 2006).  Accounting for green water use is foreseen as “abstraction from soil water,” which is calculated as the amount of precipitation that falls onto agricultural fields.  The stock of green water is the amount of available soil moisture at the beginning (or the end) of the year.

However, SEEA-W is an accounting system still under development, and data availability and quality for the sectors and regions covered by EXIOPOL are not yet adequate.  Other sources report mainly flows, not stocks.  An exception is the USGS, which has reported data on stocks in aquifers by US state from 1950 to 2005 (Kenny et al., 2009).  Other sources, such as the regional Eurostat dataset (1980-2007) and the global FAO AquaSTAT database (1968-2010) or Water Footprint dataset (1997-2001), only provide data only for withdrawals and natural water cycling.  In all these datasets, often model simulations are used to fill gaps where no directly measured data are available. The Water Footprint dataset, for instance, calculates agricultural water use based on the total volume of crop and the presumed water per unit of crop requirements. The LPJmL model for agricultural water use (Rost et al., 2008) and the WaterGAP 2 (Alcamo et al., 2003) for agricultural and industrial water use are two other examples of the modeling approach.
As mentioned in Section 2.1, estimates for environmental exclusions of fresh water from the renewable flow can be found in the literature.  It is important to distinguish environmental exclusions due to limited infrastructure capacity, as some estimates combine the two concepts, such as the FAO-AquaSTAT (2009) estimate of exploitable resources or the estimate of Rosegrant et. al. (2002) of maximum allowable water withdrawal (MAWW).  Conversely, social exclusions for water resources are not defined or considered in the literature.

3.     Factor Endowments as Constraints 

This section shows how the stock estimates will be used in the modeling framework. The data for quantifying the stocks of seven factors are presented in Annex B.  We use the framework of the World Trade Model (WTM) to illustrate the modeling representation of factor stocks and flows, as it represents the logic of factor constraints simply and transparently (Duchin 2005).  
The Mathematical Constraints

The WTM is intended for analyzing scenarios about sustainable development, and for this reason the objective function minimizes factor use (with individual factors weighted by factor prices) rather than maximizing consumption.  The model determines an international division of labor such that total global demand is satisfied and no region exceeds its factor endowments.  If demand under some scenario is too great for given global factor endowments, or if other constraints are imposed, there may be no feasible solution.
The WTM is a linear program with a primal in physical units and a dual in money values.  For simplicity we write the primal only, and in its simplest form, for m regions, n sectors, and k factors:
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where, for region i:

yi   n-vector of final demand

xi   n-vector of output
Ai   n x n matrix of intermediate requirements

Fi   k x n matrix of factor requirements per unit of output

fi    k-vector of factor supply
πi   (in the objective function) k-vector of factor prices (not including scarcity rents, 
which are determined endogenously in the dual problem, not shown).

We wish to focus on the set of constraints for each region (with subscripts suppressed for simplicity), Fx ≤ f, and the matrix F and vector f.  The objective of Section 2 was to define alternative concepts for f and identified the major data sources.  In this section, we provide illustrative numerical estimates.  In most cases what we have defined as the Sustainable Supply provides the lowest and therefore most constraining option.  By the logic of the model, the solution would then require the highest global factor usage to satisfy given global final demand.  A more inclusive measure of factor stocks, ignoring the social and environmental exclusions, would generally provide a lower-cost solution in terms of factor use.  Numerical values for these stocks are reported in the tables in Annex B.
 4. Conclusions and Recommendations

Major challenges have been encountered in compiling the data described in Sections 2 and tabulated in Annex B to create the vectors of factor endowments needed to make the theory of comparative advantage operational.  Our numerical estimates are very rough, but the exercise is hopefully able to illustrate the following fundamental concepts:

(1) The definition of factors of production should be broadened to include resources. 

(2) Emphasis should be placed on compiling estimates of factor stocks, which are even harder to come by than factor flows.  Both stocks and flows need to be measured in physical units.  Unit prices can subsequently be applied to these quantities to obtain money values.

(3) Resource stocks serve to satisfy global demand in today’s interconnected world and therefore data need to be compiled from a global perspective.  

(4) The size of the stock represents an upper bound on supply.  A sustainable supply must take into account not only physical availability but also exclusions for economic, social and environmental reasons.

(5) More attention is needed to distinguishing the economic viability of other categories of demonstrated resources besides reserves.  In analysis of scenarios for sustainable development, reserves today considered subeconomic may need to be exploited.

While we have provided preliminary data for quantifying stocks, these are very rough estimates.  Part of the challenge for improving them resides in the need for a much deeper interdisciplinary collaboration between economic modelers and resource specialists about how to represent the processes by which a resource in the ground becomes available for human use.  A good case in point is water.  One of many complexities is that the available supply involves one portion that is a renewable flow and another that is a non-renewed stock.  Palaniappan and Gleick (2009) point out that non-renewable resources are generally stock-limited in the long-run while renewable resources are flow-limited in the long-run, a reality whose implications have not yet been incorporated with a representation of withdrawals for different purposes.  

While it is arguable easier to quantify stocks of non-renewable resources, such as metals, minerals, and fossil fuels, existing estimates are just a first step.  Conventions and definitions are needed for distinguishing quantities of reserves and marginal reserves in systematic, well-defined ways.  Then the size of the available stock could be responsive, for example, to changes in prices under alternative scenarios.  Criteria for social and environmental exclusions also need much further development.

In recent years there has been a substantial increase in the compilation of environmental accounts, such as NAMEA (National Accounting Matrix with Environmental Accounts) and SEEA (the UN System of Environmental-Economic Accounts), generally coordinated with the conventions and classifications of input-output tables.  Like the emergence of new interdisciplinary fields of research, notably ecological economics and industrial ecology, this is a reaction to serious and deepening environmental problems.  Escalating concerns surrounding resource availability have been somewhat later to emerge in response to the rapid growth of China and other developing economies, anticipated increases in world population, the exhaustion of the richest resource deposits and the already-evident resulting scramble of the major players to appropriate access to a wide range of critical resources – including those examined in this paper.  These developments argue for the urgency of focusing attention on resource availability.  This information, and analysis based on it, will be critical for assessing the feasibility and desirability of scenarios for socially and environmentally sustainable economic development.
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Annex A: Factor Constraints Quantified

Tables A1 through A7 show the derivation of the Stock (column 1) or the Sustainable Supply (column 7) for a number of individual countries and for the world as a whole.  One or the other of these figures is intended for use in the economic model to set a limit on the availability (f) of the corresponding factor.  In many cases, the various exclusions have yet to be quantified, so what is called the Sustainable Supply is still an upper bound.

Table A1 shows the total population as the Stock of labor in column 1.  The labor force is entered in column 5 as the portion of the population that remains after the exclusion of people not working for reasons of age, ineligibility, etc., in column 3.  The Sustainable Supply is shown as the current labor force, but it would be appropriate to include an estimate of the discouraged workers (included in column 1) who are unemployed but no longer looking.

Table A2 presents the five countries with the biggest actual production of coal (for the year 2005; WEC 2007). These countries also posses the most extensive coal reserves. Column 1 contains values reported by WEC as "Proved amount in place" equivalent to the USGS definition of "Reserve Base". Due to the lack of data on the social and environmental exclusion, the values reported in column 5 for the Sustainable Stock are those that the WEC reported as “Proved recoverable reserves”. Column 6 includes actual production numbers as an estimate of the infrastructure capacity, assuming full capacity utilization at this time of high prices.

The results of an analysis carried out in 1994 by the U.S. Bureau of Mines (USBM) based on USGS data, using concepts similar to those presented in this paper, considered recovery, economic, societal and environmental factors (USGS, 1994). The numbers presented were based on 15 coal availability studies and showed that of the original coal resource in the ground (100 percent), only about 5 percent were available to be marketed.

Table A3 shows for the 2009 the calculation of the Sustainable Stock of Copper based on resource and reserve data provided by USGS (2010b). Column 1 (stocks) contains estimated resources for the US, Chile and the world. For Chile, we used he results of a recent study by Cunningham et al. (2008) on copper availability in the Andean mountains. Again, due to the lack of data on infrastructure capacities, the actual extraction of copper was used as reflecting full capacity. The results show that those countries with the biggest sustainable stock also have the highest rate of extraction (or infrastructure capacity, respectively).

Table A4 shows the calculation of the Sustainable Stock of Bauxite for the five countries with the largest reserves and the different world regions for the year 2009 based on numbers reported by USGS (2010b). Note that data on resources are reported only for the US and for the continental regions. Due to the lack of data on environmental and social exclusions, the Sustainable Stock is given the value of the reserves reported for the specific countries and world regions, respectively.

Table A5 shows the geologically available Stock of phosphorus in phosphate rock in column 1, using the USGS definition of reserves that excludes sub-economic and undiscovered resources.  Lack of data required us to use this narrow definition.  The infrastructure capacity is taken to be the current annual extraction rate in each region as estimated by the USGS (2010b), assuming full capacity utilization at this time of high demand.  Since this capacity is dramatically smaller than the sustainable stock, it is the infrastructure capacity that limits the Sustainable Supply. 
Table A6 shows in column 1 the Stock of all land potentially suitable for agricultural production.  (This estimate already excludes poor quality soils, which could have been attributed to column 2 and subtracted subsequently.)  Subtracted from the Stock are land committed to other uses (column 3) and environmentally protected or vulnerable land (column 4).  Currently, column 4 includes only nationally protected land and not other areas (such as forestland) that might be considered environmentally excludible.  The last column shows the resulting Sustainable Supply.

Extracting figures for the stock of water from AquaSTAT and other water databases for use in the WTM is not straightforward.  In principle, the Stock of water should include estimates of fossil (i.e., non-rechargeable) water from aquifers, lakes, etc., as described in the UN SEEA W handbook.  While some would consider such withdrawals to be non-sustainable, in fact withdrawing it is no different from extracting non-renewable mineral resources and should be considered as an option.  

More challenges arise in determining the effective supply for human withdrawals when considering how to represent the roles played by blue and green water.  Green water, the portion of precipitation corresponding to evapo-transpiration (ET) from plants, is delivered with no human intervention to agricultural crops (whether the crops are exclusively rainfed or also irrigated) as well as all other vegetation on the planet.  It is a flow that should not be included as part of the Sustainable Supply, since the latter is assumed to be available for human withdrawals.  However, column 1 should include the runoff from precipitation, the flow of blue water, along with the blue water stocks in rivers, lakes, aquifers, and other reservoirs.  We have not yet been able to estimate this quantity by country.   

Instead, for first round estimates of the Stock of fresh water available for human use, we use the renewable stock as defined for each region in the FAO-AquaSTAT database (2009), shown in Table A7.  The environmental exclusion is estimated from Table 3.6 in Rosegrant (2002), yielding the Sustainable Stock in column 5.  No estimate is available that strictly isolates the potential infrastructure capacity for increasing water withdrawal in column 6.  Although the global renewable Stock of fresh water is estimated, the global environmental exclusion is not.
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Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.






_1208619100.xls
Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.






_1208619169.xls
Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.
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Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.






_1208604897.xls
Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table 4. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table 5. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.






_1208618750.xls
Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.






_1208618811.xls
Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.






_1208618710.xls
Table 1

		

				Table 1. Defining the Sustainable Supply of Factors

						1		2		3		4		5		6		7		8

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply*		Unit

				Factor										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Labor		population		insufficiently skilled		children, retired				labor force		training capacity				person-yrs

				Built capital		capital stock		obsolete technology						utilizable stock						see text

				Fuel		resource		subeconomic		other land use		habitat destruction				extraction capacity				BTU

				Metal		resource		subeconomic		other land use		water/air/soil pollution				extraction capacity				tons metal content

				Phosphate rock		resource		subeconomic		other land use		landscape destruction				extraction capacity				tons of P

				Arable land		cult.+pasture+forest+other		poor quality soils		competing uses		wetlands, habitats								ha

				Fresh water		reservoirs plus runoff		inaccessible				maintain life, river edges				extraction and				m3

				Note: Reasons for economic, social, and environmental exclusions are illustrative and not intented to be exhausive

				*For analysis using the World Trade Model, the Sustainable Supply is set equal to the Sustainable Stock since Infrastructure

				Capacity Constraints are represented directly.





Labor

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				China		1,340,423				542,831				797,592				797,592

				India		1,214,464				730,688				483,776				483,776

				U.S		317,641				153,275				164,366				164,366

				Indonesia		232,517				126,236				106,281				106,281

				Brazil		195,423				92,242				103,181				103,181

				World		6,908,688				3,647,483				3,261,205				3,261,205

				Compiled by the authors using data from UN (2009) and ILO (2009a)





Coal

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				USA		447,183		204,462						242,721		1,039		1,039

				Russia		194,000		36,990						157,010		299		299

				China										114,500		2,190		2,190

				Australia		97,300		20,700						76,600		379		379

				India		100,124		43,626						56,498		428		428

				World										847,500		5,901		5,901

				Compiled by the authors using data from WEC (2007)

				* Stock data based on "Proved amount in place" equivalent to the USGS definition of "Reserve Base"

				** Sustainable Stock based on "Proved recoverable reserves".

				*** For infrastructure capacity actual extraction numbers are used.





Copper

		

				Table A3. Calculation of Sustainable Supply (f) for Copper in the Top-5 producing countries and the world

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity**		Sustainable Supply

				Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

				Chile		1,300		1,090						210		5.70		5.70

				USA		550		515						35		1.20		1.20

				China										30		0.96		0.96

				Indonesia										31		0.95		0.95

				Australia										24		0.90		0.90

				World		3,000		2,460						540		14.80		14.80

				Compiled by the authors using data from USGS (2010b)

				* only land-based resources; for Chile, the value for the complete Andes mountain range was used.

				** actual extraction numbers





Bauxite

		

						Table A4. Calculation of Sustainable Supply (f) for Bauxite for the 5 countries with the biggest Stock and the different

								1		2		3		4		5		6		7

								Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock**		Infrastructure Capacity***		Sustainable Supply

						Region										(1)-[(2)+(3)+(4)]		(Flow concept)		Min[(5), (6)]

						Guinea										7,400		17		17

						Australia										6,200		63		63

						Vietnam										2,100		0.03		0.03

						Jamaica										2,000		8		8

						Brazil										1,900		28		28

						Africa		24,000		16,020						7,980		21		21

						Asia		13,500		9,320						4,180		68		68

						Oceania		17,250		11,050						6,200		63		63

						South America		15,750		10,830						4,920		42		42

						Others		4,500		700						3,800		8		8

						World		75,000		47,920						27,080		201		201

						Compiled by the authors using data from USGS (2010b)

						* USGS does not report resource numbers for North America nor for Europe but only for "other countries"

						**Figures shown for continents, below, include those shown for corresponding countries, above.

						*** actual extraction numbers





Phosphate Rock

		

						1		2		3		4		5		6		7

						Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Morroco/Western Sahara		5,700								5,700		24		24

				China		3,700								3,700		51		51

				South Africa		1,500								1,500		2		2

				Jordan		1,500								1,500		6		6

				United States		1,100								1,100		30		30

				World		15,267								15,267		161		161

				Compiled by the authors using data from USGS (2010b), pg. 119

				*This definition already excludes economically unavailable phosphate rock





Land

		

						1		2		3		4		5		6		7

						Stock		Economic Exclusion		Social Exclusion		Environmental Exclusion*		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		549,389				6,966		70,561		471,862				471,862

				U.S		354,315				11,394		21,378		321,543				321,543

				Russian Fed.		282,569				5,897		26,137		250,535				250,535

				India		206,327				41,850		2,528		161,949				161,949

				China		201,647				50,194		6,963		144,490				144,490

				World		4,137,091				79,927		223,011		3,834,153				3,834,153

				Compiled by the authors using data from FAO (2000) and IIASA (2006)

				*This definition only includes nationally protected land, not necessary forestland or wetlands





Water

		

						1		2		3		4		5		6		7

						Renewable Stock*		Economic Exclusion		Social Exclusion		Environmental Exclusion		Sustainable Stock		Infrastructure Capacity		Sustainable Supply

				Region										(1) - [(2) + (3) + (4)]		(flow concept)		Min[(5), (6)]

				Brazil		8,233						4,446		3,787				5,763

				Russian Fed.		4,508						1,578		2,930				3,381

				U.S		2,913						965		1,948				2,039

				Canada		2,902						1,277		1,625				1,741

				Indonesia		2,838						1,135		1,703				1,561

				World		54,616

				Compiled by the authors using data from FAO-AquaSTAT (2009) and  Rosegrant et al. (2002), Figure 3.6

				*This definition does not include stocks of built-up fossil water from aquifers, lakes, etc.
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