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1. Introduction

Scarce, high-quality resources command rents, and these rents are incorporated in the prices of the resource commodity -- the refined petrochemical product or beneficiated ore -- as well as those of the consumer goods in which the resources are subsequently embodied.  The distribution of these rents between the owner of the resource, which today is typically a sovereign state, and other parties is subject to negotiation and is known to vary widely depending on the resource, the quality of a given deposit, and relative bargaining power.  Given prospects for growing resource scarcity, the magnitudes of resource rents are poised to increase, in some cases substantially, and their distribution to become increasingly contentious, as they grow larger as a portion of national income.  The motivation for this paper is to examine the global transfer of rents under alternative scenarios about future resource demand and supply, identifying who pays the rents and who receives them, and eventually how they are or could be used.  Despite the importance of this subject, the literature situating resource rent among payments to other factors is quite small, and it is not distinguished as a separate category of income in national accounting systems.  Our objective is to create a conceptual framework to explain the sources, magnitudes, and geographic distribution of resource rents.  Progress in developing such a framework can help raise the priority now placed on the systematic compilation of quantitative data about resource endowments and accounting data on resource rents.

The logic of international trade based on comparative advantage is the necessary starting point for a theory of rents and prices as it situates a region’s resource endowments relative to global and not only domestic demand, and relative to the sizes of endowments and cost structures for exploiting them in other regions.  In the general case, when the (relatively) lowest-cost producer of a resource commodity is not able to satisfy total global demand due to an inadequate supply of the crude resource, the price of the resource commodity will be set by the highest-cost producer who is able to sell the product, and each lower-cost producer will earn a rent on its scarce resource.  The region-specific rent is determined by the difference between the world price for the resource commodity, set by the high-cost producer who earns no rent, and the region’s cost of production.  This is the logic we employ in the model described in this paper.

Differential rents reflect a range of qualities of resource deposits and of associated technologies and cost structures for transforming the in-ground resources into a homogeneous resource commodity.  Aside from the obvious example of varying costs of extraction of crude petroleum, it is common to produce a given agricultural crop using rainfed and irrigated agriculture in different fields and to produce electric power using a variety of generation and transmission technologies within a single economy.  Our model explicitly represents this variability.

The remainder of the paper includes six sections.  Contemporary practices in pricing crude resources in terms of ex ante royalties and ex post rents are described in Section 2.  Section 3 presents an input-output model of the world economy, the World Trade Model (WTM), that makes operational the logic of factor rent determination based on comparative advantage for the general case of m potential trade partners, n goods, and k factors of production.  Section 4 deals with endowments of varying qualities and presents the Rectangular Choice-of-Technology (RCOT) modeling framework that allows multiple endowments of the same resource to be exploited simultaneously within a single region.  The RCOT logic is then incorporated into the World Trade Model in Section 5.  Section 6 discusses the role of exogenous royalties and exogenous final demand in determining rents, and thus prices of goods, in WTM with RCOT, highlighting the feedback between quantities and prices not present in other input-output models.  The concluding section considers the further development of this framework, in particular the distribution of rents among the owners of different factors and the situation when a resource is scarce due not to a shortage of the crude resource itself but rather to other factor constraints or voluntary caps on extraction.  

2. Resource Prices: The ex ante Royalty and ex post Resource Rent

Workers receive wages, built capital earns a profit, and under certain circumstances resources earn a rent.  Governments expect to appropriate some portion of the rent as payment for the depletion of their assets when foreign or domestic companies carry out the production process under concession agreements.  From an accounting point of view the rent is the difference between the price at which the resource commodity is sold and its cost of production, where the cost includes an average return on investment plus a premium for risks incurred.  Appropriating the rent at the end of the production period has two disadvantages for the government.  First, if no production takes place, or if it does but reported (if not actual) costs are high relative to the price, there are no rents.  Second, deposits may take a substantial amount of time to develop, and the government would like payments to commence early in the process.

For these reasons, governments typically require royalty payments both in advance of commercialization and at the time of sale of the resource commodity, either a fixed amount per ton of resource or a percentage of the money value, either gross or net of costs.  If the royalty is set too high, it may be too costly to exploit the resource; if too low, the government loses potential revenue.

The royalty was the main form of payment for resources until the 1950s, when it became customary to combine ex ante royalties with ex post taxes on rents so as to share both risks and windfalls between owner and mine operator (Baunsgaard 2001).  Neither the price nor the costs can be known at the time of signing a concession agreement: the price depends on global demand and the region’s comparative advantage relative to other producers, and costs depend on geological and political as well as commercial conditions.  Sharing such a windfall may be provided for in the pre-exploitation agreement, but its value cannot be known beforehand.  The royalty clearly functions as a cost of production; whether or not it should be counted as part of the rent is a matter of definition (Fine 1982).  In what follows we distinguish the royalty from the (remaining) rent.  However, an empirical investigation of the global transfer of wealth associated with resources will need to be concerned with both royalties and rents.

Economic rents for oil have exceeded historically those for other minerals, and part of the reason is OPEC’s unique ability to control supply (Baunsgaard 2001 p. 4), requiring the operation of higher-cost producers that set the world price.  It may also be true that the unit cost for extracting oil from different deposits is more variable than for other minerals, or that a more uniform geographic distribution of deposits of comparable quality of other minerals reduces the ability of governments to negotiate more favorable terms.  It should prove possible to make these kinds of distinctions empirically, and their implications can be analyzed using  a framework like that described here.

Resource prices in our model consist of two parts: an ex ante one, which in the case of nonrenewable resources is the royalty, and an ex post scarcity rent, earned only if the mining operation is unusually successful such that the particular resource endowment is fully exploited.  Other factor prices are also treated in the same two-part way but require somewhat different interpretations.  In the case of wages, the ex ante or exogenous part is the usual wage rate, payable even in the event of unemployment, with the rent as a bonus in case of full employment.  For built capital, the exogenous portion is a normal rate of return and the endogenous portion, if non-zero, can be interpreted as a technology rent. 

Later we take up some issues related to using a common logic and representation for prices of all factors of production despite their fundamental differences.   

3. Endowments and Rents in the World Trade Model

The World Trade Model (WTM) is a linear programming input-output (IO/LP) model of the world economy that determines production levels and factor rents for each trading partner and world prices of goods that minimize global factor requirements to satisfy given consumer demand (Duchin 2005).  The basic model takes the following form:

Model #1. World Trade Model

Primal:



Dual:

Min Z = ∑πi´Fixi

Max W = p´∑yi - ∑ri´fi

s.t.

         

s.t.

∑(I - Ai) xi  ≥ ∑yi

(I – Ai´) p  ≤ Fi´(πi  +   ri )
Fixi ≤ fi   i = 1,…, m

i = 1,…, m.

The economy for the ith out of m regions is described by the intermediate (Ai) and factor requirements (Fi) per unit of output for n sectors and k factors, as well as domestic final demand (yi) ex ante factor prices (πi ), and factor endowments (fi) as follows:
Ai  n x n intermediate inputs per unit of output 

Fi   k x n factor inputs per unit of output 

yi   n x 1 final demand 

πi   k x 1 factor prices (ex ante)

fi    k x 1 factor endowments. 

The model solves for each region’s output, xi, non-zero scarcity rents for those factors that are fully utilized, ri, and world prices for traded goods, p:

xi  n x 1 output 

ri   k x 1 factor scarcity rents (ex post)

p   n x 1 world prices for goods.

A region's net exports are the difference between calculated output and exogenous domestic final demand, and factor use is determined as Fixi.  The resource factors are measured in physical units, such as cubic km of water, hectares of land, or tons of ores, and endowments are conceptualized as stocks (but see Duchin and Lopez 2011 about the characterization of factor endowments as flows).  Each crude resource is an input to only the mining sector that extracts it, and that sector produces a resource commodity.  Other factors may be utilized by a subset of sectors, or even all sectors, as in the case of labor or water.  If all sectors draw from a single pool of labor, then there will be one row of non-zero labor coefficients in the F matrix and one figure quantifying the size of the labor force (i.e., the endowment of labor), as a component of f.  However, say that labor is disaggregated to distinguish mining engineers from other workers and that the former are required only by the extraction sectors.  Then two entries in f will quantify the total number of each kind of worker in the labor force, two rows of labor coefficients are needed in the F matrix, and only a sector requiring mining engineers will have a non-zero entry in the corresponding row of F.

The properties of the WTM are derived in other places (Duchin 2005; Duchin and Levine forthcoming).  In particular, if no factor constraint is binding, each sector’s product will be produced in one and only one region, and it will be the region with the lowest-cost input structure for that product.  But if the lowest-cost region encounters a factor constraint that limits its production of a particular product, one or more additional regions will need to supplement its output.  These will be that combination of regions that minimizes factor costs for the world as a whole, taking into account the allocation of other production assignments.  The costs of the highest-cost producer, the region that by definition encounters no factor constraints in producing this product, set the world price.  The lower-cost producers all necessarily run into factor constraints, and the values of the region-specific scarcity rents in their price equations are calculated so as to make up the difference between the world price and their costs.  
It is a key and distinctive feature of the World Trade Model that each factor price for region i is the sum of two components, πi + ri, where the first is exogenous (the royalty) while the second is endogenous (the rent).  Our hybrid factor prices reflect the actual process of price determination for resources discussed in Section 2.  Hybrid factor prices contrast with the entirely exogenous factor prices of other input-output models and the entirely endogenous treatment in neoclassical models.  Relative to neoclassical models, the hybrid factor prices lend the theoretical framework of the World Trade Model additional power in that a factor can have a non-zero price even when it is not fully utilized.  

Endowments do not usually figure in input-output models or in other models of the economy (see the discussion of endowments in Duchin and Lopez 2011), but they are obviously required as factor constraints to make a theory of comparative advantage operational.  Final demand, by contrast, appears in all economic models but in the WTM plays a crucial role in determining both rents and prices, one that is distinctive relative to its representation in the basic input-output model or in neoclassical models.  Various “non-substitution” theorems describe the restrictive assumptions under which the prices of goods in a competitive economy can be shown to be independent of the level and mix of final demand.  These theorems are often interpreted as justification for the “fixed coefficients” of the basic input-output price model, (I – A′) p = v, in which prices are indeed determined independent of the level or mix of final demand and in the presumed absence of factor limitations.  However, input-output models are not limited to this simple form.  The WTM is an input-output model where – for given endowments, technologies and ex ante royalties -- final demand and endowments both influence scarcity, rents, and prices of goods.  We return to these relationships in Section 5 after first situating them in the simpler setting of a single region.

4. Multiple Resource Endowments in a Single Region
It is a stylized fact that the richest resource deposits are exploited first, and lower quality, or higher-cost, ones only subsequently.  However, this is clearly not literally true.  

A compelling example of the simultaneous exploitation of deposits of varying qualities is provided by crude oil, currently extracted from low-cost conventional wells in Saudi Arabia and high-cost tar sands in Canada, with a variety of technologies and cost structures in-between.  One reason for such a wide range of production costs is voluntary production restraint on the part of low-cost producers in order to maintain a high price.  Another is the deployment of new technologies, for example deep-sea offshore mining, with the expectation that they will become increasingly competitive in the future.  Yet another motive is the desire for at least partial self-reliance for critical materials.  With modern technologies it is frequently cost-effective to exploit resources of decreasing quality in existing mines rather than close down the mine and move on to a higher-grade deposit.  This compelling argument is made and documented by West (2011) for copper, lead and zinc.

The simultaneous exploitation of deposits of varying qualities is encountered not only among countries: a single region, especially if the area under consideration is large, may simultaneously exploit multiple endowments of a given resource with different cost structures.  Petroleum extraction in North America is a case in point including, as it does, operations in conventional and offshore oil fields and tar sands.  If the extraction of petroleum in North America were represented by a single average input structure, the differential incidence of resource rents would be sacrificed with unacceptable loss of information not only for rent determination in that region but for its impact on the world price of oil as well.  Duchin and Levine (forthcoming) recently introduced, in the Rectangular Choice-of-Technology or RCOT model of a single region, a simple method to retain this variation; it allows the production of a single, homogeneous product by two or more technologies, which, depending on the circumstances, may operate as alternatives or simultaneously.  

The main idea is that each deposit quality is associated with the technology by which it is exploited (a column in A and in F), and each deposit to be distinguished is represented by its own row of F and the amount of its endowment as the corresponding component of f.  The model is called rectangular because the familiar square A matrix is replaced by a rectangular matrix A*, where A* may have multiple columns for, say, extraction of crude oil, but only one row for petroleum products – the commodity output of the extraction sector independent of the extraction technology -- as the purchasers do not care by what technology the crude resource is extracted.  When this rectangular representation for individual regions is incorporated into the WTM, one can capture both intra-regional and inter-regional diversity in cost structures for resource extraction.  The RCOT model for one region is written as follows:

Model #2: RCOT for One Region
Primal:


Dual:

Min Z = π´F*x
*
Max W = p´y - r´f

such that

such that

∑(I* – A*) x*  ≥ y
(I – A*´) p  ≤ F*´(π + r)    

F*x* ≤ f ,  

where

A*  n x (n + t)  
intermediate inputs per unit of output 
I*    n x (n + t)  
rectangular identity matrix
F*   k x (n + t) 
factor inputs per unit of output 

A voluntary cap (c) on output of the ith sector (or technology) is easily introduced by adding a constraint of the following form: xi* ≤ c.

The total number of technologies in the economy is n + t, and the matrices I*, A*, and F* have t additional columns, one with the input structure for each alternative technology.  (For a detailed description, see Duchin and Levine, forthcoming.)  Thus, for example, if some sector has a total of three technologies, the A* and F* will contain three columns for that sector, and the single row for that sector in the rectangular identity matrix I* will contain1's in those three columns.  The dimension of y remains n x 1, and we add columns but not rows to the technical matrices, because the purchaser of a given product is assumed to be indifferent as to how it is produced.  It is the rectangular shape of the I* and A* matrices that gives the RCOT model its name.  The number of factors, k, will increase if some factors are technology-specific, for example the single figure for the endowment of petroleum will be disaggregated to distinguish the size of the conventional and offshore deposits.  The solution vector x* will contain non-zeroes only for those technologies actually producing and zeroes otherwise.  

We call attention to the fact that the exogenous and endogenous variables of the RCOT model are the same as for the WTM; a solution determines output for each sector and technology, scarcity rents for fully utilized factors, and a price for each good.  The endogenous rents and prices will depend on both the exogenous portion of the factor price and on exogenous final demand.  If no factor constraints are binding, each sector will use exclusively its technology that is of lowest cost given the choices made by the other sectors.  For each factor constraint that is binding, at least one sector will need to operate at least two technologies simultaneously.

5. Incorporating the Regional Choice-of-Technology into the World Trade Model

The WTM combined with RCOT provides a simple and transparent framework for examining the representation of resource endowments and the determinants of scarcity rents.  It makes it possible to determine the international division of labor, factor rents, and goods prices associated with alternative scenarios about the demand for goods, technologies, resource endowments, voluntary caps on extraction, or royalty agreements and takes the following form:

Model 3: WTM with RCOT for Individual Regions



Primal:



Dual:

Min Z = ∑πi´F*ix*i

Max W = p´∑yi - ∑ri´fi
such that


such that

∑(I* – A*i) x*i  ≥ ∑yi

(I* – A*i´) p  ≤ F*i´(πi  +   ri )
F*ix*i ≤ fi   i = 1,…, m

i = 1,…, m.
This model, with m regions, n sectors, n + t technologies, and k factors, provides for a simultaneous choice for exploiting alternative resource deposits at two levels: among regions and among alternatives within each region.  Rents accrue to low-cost production wherever it takes place, and as before it is the highest-cost producer whose costs determine the world price.

Note that the solution to the one-region RCOT problem will not in general be the same as that when this region and its potential trade partners are situated within the context of the WTM, not even if each region is represented in rectangular form with the same alternative technologies in both cases.  Comparative advantage can be defined only within a global framework, and no one-region models – in fact, few models of the world economy -- are able to quantify the benefits from comparative advantage provided by trade.  
6. The Relation of Rents to Royalties and to Final Demand

The scarcity rent reflects by how much the availability of an additional unit of this particular resource would reduce factor costs for the economy as a whole.  It also measures by how much the royalty on that resource could be increased before the international production assignments (i.e., who produces what) need to change.  This is true in the context of the model of the world economy described in Section 3, for a single region as seen in Section 4, and their combination in Section 5.  For simplicity we discuss the relationships below in the case of a single region described in Section 4, where at least one sector has a choice among two or more alternative technologies.  The logic is readily generalized to the global model.
Assume a solution for the designated region for output, goods prices, and factor rents of x*, p, and r, where the rent for the resource that is the ith factor, ri, is non-zero.  Now re-run the model repeatedly with the royalty for this resource, πi, increasing.  Initially the production assignments will not change, meaning that the same mix of technologies will be chosen for each sector that has a choice.  However, the value of ri will change; it will fall to compensate for the rise in πi, until the exogenous value for πi is so high that it exceeds the original value of πi + ri.  At this point new production assignments will be calculated, and the endogenous rent of factor i will change.  Now the resource deposit generally will not be fully utilized, in which case ri will drop to zero.  Thus the royalty affects the scarcity rent but does not determine its magnitude, as the latter depends also on the technological options, endowments, other factor prices, and demand.

To see the role of final demand, assume again a solution in the one-region case of x*, p, and r.  Now re-run the problem with a change in final demand and, for simplicity, say the change affects only a single consumer product.  If demand is lowered enough, the contribution of the high-cost technology option for producing that good is no longer needed, as the output of the next lower-cost producer will be adequate to assure that all demand is met.  (We ignore what may also be significant indirect effects on other sectors.)  But this producer will no longer earn a rent on the scarce factor that prevented further expansion of output in the initial case, effectively lowering the prices of all products relying on that factor.  Conversely, if the change involves an increase in demand that is great enough to require the entry of an additional, higher-cost producer, this situation will create new scarcity rents and raise prices.

From a formal point of view the single region RCOT model follows exactly the same logic as the WTM in terms of division of labor and determination of rents and prices: they are both linear programs in the same variables and with comparable constraints.  In the global framework, the technological choices for producing a given product are operated in different economies instead of constituting options within a single economy.  In this case a region’s final demand need not be fully satisfied by domestic production, allowing for the endogenous determination of trade flows.  Thus there may be no feasible solution for a particular region to satisfy its final demand in the one-region framework, but many, including a lowest-cost one, if the same regional attributes are considered in the global framework where the region can exploit its comparative advantages.  

7. Open Questions: Endowments and Factor Constraints

A factor endowment is typically conceptualized as a stock, which in the case of a resource would be the total quantity that is physically available.  But this would be much too large an upper bound to be useful since the entire stock could not feasibly be extracted in one accounting period.  An effective bound is set by other considerations, mainly by the capacity of the infrastructure in place to exploit the deposit or by voluntary limits intended to maintain the price.   In the case of water in particular, Duchin and Lopez (2011) make the case for a flow concept, rather than a stock concept, for limiting its sustainable use.  Likewise in the case of built capital, Duchin and Szyld (1985) formulated a dynamic input-output model where a sector’s capital stock is measured in terms of the sector’s capacity to produce output, again a flow concept.  This subject merits further elaboration for the representation of endowments for the various types of factors of production.

The formal representation of the factors of production -- nonrenewable and renewable resources as well as human labor and built capital -- requires other decisions besides how to measure their availability.  For nonrenewable resources that need to be extracted from the subsoil, we have chosen a representation where a crude resource is an input only to the sector that extracts it, or to the segment of the sector that extracts deposits of comparable qualities using comparable technologies.  The extracting sector produces a resource commodity that is considered homogeneous to buyers independent of its history.  In other work we have applied a somewhat similar logic to the agricultural sectors, which use various methods to transform land and water (and seed, nutrients, and other inputs) into a given crop.  There are differences, however, in that these sectors are not alone in their use of land and water, and water is still most often unpriced meaning no royalty and no government appropriation of the rent.  Built capital is distinctive in that the demand both to expand capacity and to replace existing capacity involves not only consumer demand and technologies but also investment decisions; and while capacity may be a suitable measure to limit availability, it says nothing about the composition of the capital stock which is important for the eventual representation of material recycling.  

Sharing the rewards of rents among the factors of production is another open question.  Let us say that a given region is the low-cost producer of a given resource commodity, but its extraction runs into a factor constraint so that other producers need to provide the resource commodity although at higher cost.  Then the first region will earn a rent on the limiting factor.  But it may be built capital, or a voluntary constraint, which sets the limit and therefore secures the rent.  Who should receive that rent, the owner of the crude resource or the owner of the capital or any other factor, such as specialized workers even if they are not in short supply?  It has been pointed out that often the rent ends up being shared more widely than is apparent, in particular taking the form of higher than average wages in operations yielding high resource rents (Sunnevåg 2002).  The way in which the rents are spent depends on their distribution, with evident implications for national development and for the global transfer of wealth.  

The modeling approach described in this paper can make the determinants of rents more visible and the implications of alternative arrangements more transparent.  So far we have managed with a single formalism for the treatment of all factors, but it is clear that the different factors will ultimately need to be treated in ways that correspond to their fundamental differences.  A dynamic version of our model that deals simultaneously with the accumulation and replacement of built capital and the depletion and discovery of resource deposits would represent a major step forward.  But probably the highest priority is a prototype empirical application.
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