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8 The transformative potential of input–output
economics for addressing critical resource
challenges of the twenty-first century

Faye Duchin

1. Introduction

The size of the global economy – by any measures of population, resource
extraction, production, consumption and pollution – has grown enormously,
with the widely shared expectation that it will grow larger still, while the
planet’s geophysical resource base does not expand and its ability to absorb
wastes is already being tested. Associated with this expansion of the world
economy are dense and growing interconnections among geographic regions at
different stages of economic development and material standards of living.
These interconnections quickly link events taking place in one area to reper-
cussions in others and, although they have spread prosperity, it remains highly
uneven. We have seen how climate events and government policies that affect
local agricultural production can have rapid impacts on global food prices.
With the steep increase in quantity and variety of financial transactions, a
financial crisis originating in a single country has spread widely and deeply
throughout the global economy and affected it substantially. One can antici-
pate future shortages of resources, such as fresh water and platinum group
metals, accompanied by sharp increases in their prices that bring windfall
scarcity rents for the highest-quality endowments. Given the ongoing acquisi-
tions of large tracts of land and long-term access to raw materials throughout
the developing world, concerns abound about the future size, distribution and
disposition of these rents. Scenario analysis can help analyse likely eventual-
ities and the impacts of possible strategies to avoid disastrous outcomes.

Input–output economics is uniquely suited to analysing problems surround-
ing resource dependence, economic interdependence, and distribution of
income and wealth, as well as strategies for addressing them. Economic
analysis in these areas is today largely reliant on neoclassical economic theory
as reflected in computable general equilibrium (CGE) models of the global
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economy. Input–output economics and models have the potential to transform
economic analysis of resource challenges in three major ways. First, it is
designed to analyse changes that involve substantial departures from current
practices in response to novel situations, rather than only marginal adjustments
to an external change to arrive at a new equilibrium. Second, it does not rely on
standard behavioural assumptions that assume a narrow definition of rational-
ity on the parts of decision makers. These notions about rational behaviour
formally preclude critically important initiatives such as adopting technologies
that may be costly in the short term, citizens’ preferences for less pollution
over more consumption, or government policies and international agreements
that improve the allocation of resources. Third, it readily accommodates
process-level information about technological alternatives and their reliance
on resources, whether the latter are priced or not.

The remainder of this chapter is divided into five sections. Section 2
identifies distinctive features of input–output economics that characterize the
basic input–output model and need to be maintained in all conceptual exten-
sions. Reasons why further development of input–output theory has attracted
less attention than data compilation and empirical analysis are discussed in
Section 3. Section 4 expands the concept of factors of production from labour
and capital to include any number of resources – just as it includes many
sectors and products – as central to new theorizing. Section 5 describes the
logic behind several existing model extensions. These include a model of
the world economy based on the logic of comparative advantage, a systematic
approach to waste management for recovery of secondary resources, and a
multi-period dynamic framework to provide infrastructure and other forms of
built capital and the funding for it. Section 6 concludes by identifying priority
areas for further theoretical development.

2. Features of input–output economics

2.1 The basic input–output model and big A matrices

The basic input–output model consists of two matrix equations, (I – A) x = y
and (I – A’) p = v, where the columns of the matrix A quantify the technologies
in terms of intermediate inputs, y and x are the vectors of final demand and
output, and v and p are the vectors of value-added (factor costs) and prices of
goods. Typically A, y and v are specified for a given scenario, and one solves
for output (x) and prices (p). For alternative scenarios, one may assume
changed values for technologies or final demand and obtain new values of
x and p. These changed assumptions reflect choices attributable to the actors.
However, no specific objectives are identified, and there are no constraints as
to how much output can grow.
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The final demand vector y describes the levels and composition of private
consumption, government spending, investment, and imports and exports,
while the vector v of value-added quantifies the payments by each sector to
factors of production (per unit of output); these distinguish labour earnings,
returns on built capital, and (in principle although unfortunately not in fact in
most databases) resource rents. The properties of the A matrix, and in particu-
lar of the matrix (I – A)�1, for relating x to y and p to v, have been amply
described in other places. Also amply noted are several limitations of this
model. First, all the components of y and v must be specified exogenously
rather than being determined by the model. As a consequence, the framework
cannot assure consistency between components of y and v, for example
between household consumption outlays and worker earnings, or between
exports and imports. Also, while the solution values for x and p are consistent
with the technological assumptions, and therefore with each other in the sense
that p’y = v’x, there is no reciprocal impact between changes in demand and
in unit prices of products. It is well understood that extensions to the basic
input–output framework are needed to achieve ‘closure’ in these and other
variables in order to expand its explanatory scope. To achieve closures that are
more than symbolic requires that they be based on theory relating the variables
one to another. In later sections I will describe input–output models closed for
international trade, waste management and investment. However, the most
common closures still take the familiar form of a square matrix and its inverse.
Rather than being based on theoretical considerations, this form of closure is
selected for convenience of calculations.

Without exception, the first efforts at closure of the basic input–output
model for any exogenous variable has involved expanding the original square
A matrix by adding a column and a row to form a larger square matrix that
I call a Big A matrix and denote AB. The new column and row are assumed to
bear the same relation to each other as in the case of any production sector in
the economy; consequently, the Big A matrix is manipulated in the same
equations as the simple A matrix by forming the inverse (I – AB)�1. House-
holds, for example, can be represented like a production sector, with input
coefficients for consumption in the column and labour coefficients in the row,
on the assumption that when more or less labour is required, then consumption
will accordingly rise or fall. This assumption is implicit in forming the inverse
associated with a Social Accounting Matrix, where the institutions (such as
households) are treated like production sectors. An early dynamic model was
actually called the ‘dynamic inverse’ (Leontief 1970) with both intermediate
and capital coefficients organized in a Big A matrix. In an important area of
contemporary analysis, a Big A matrix incorporating substantial detail about
bilateral trade flows is the basis for multiregional input–output (MRIO) data-
bases. The resulting MRIO models are truly input–output models by all the
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criteria defined in this chapter and make it possible to examine a deeper
structure behind the data at hand. However, they are typically not well suited
for ex ante scenario analysis, as the standard manipulation of the additional
rows and columns implies relationships that held in the base year but can not
be expected to hold, in general, under other circumstances. The matrix AB in
the case of MRIO, for example, combines not only region-specific matrices
of technologically determined requirements but also the shares of a region’s
imports supplied domestically and by each trade partner in the absence of an
underlying theory of interregional trade.

2.2 Multidimensionality of goals, options, and outcomes

Economics is the field that evaluates a society’s options for allocating scarce
resources for consumption, production and exchange so as to achieve specific
objectives. Contemporary practice of economics relies on models and methods
to quantify the extent to which particular options contribute to realizing the
goals. Like the mainstream neoclassical economics, input–output economics
takes a system-wide perspective in terms of measurable quantities and associ-
ated prices and is capable of producing numerical answers to various kinds of
questions. However, input–output economics is sufficiently open-ended to
allow for societies to have multiple objectives, to allow for objectives and
preferences – and their relative importance – to change over time, and to
accommodate alternative actions with multiple outcomes that need not be
reduced to a money value or any other single measure, precluding a unique
ordering of the outcomes by their desirability. Other schools of economic
thought also take exception to oversimplified behavioural assumptions of
mainstream theory (e.g. ecological economics, behavioural economics, evolu-
tionary economics, institutional economics), but input–output economics
is alone among them in offering an alternative framework for quantitative
analysis, one that both is well established and provides a flexible base for
further conceptual development.

2.3 Meso-level actors and actions

From the simplest to the most elaborated model formulation, input–output
economics conceptualizes an economy in terms of groupings of its major
actors, namely households including individuals who are both workers and
consumers and sectors comprised of firms employing similar input structures
to produce comparable outputs. Households classified within a particular
socio-economic category generally have patterns of consumption and employ-
ment that are far closer to each other than to those of households in different
socio-economic categories, and the comparable observation holds for firms in
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the same sector. This mesoeconomic, or medium-level, focus contrasts with
the handful of aggregate variables that are the basic conceptual units of
mainstream macroeconomics as well as with the individual consumers and
individual firms of microeconomic theory. Theorizing that attempts to root
macroeconomic reasoning in the decisions of the individual actors entirely
bypasses the meso-level decision makers in households, industries and gov-
ernment agencies, all of which may produce and consume goods and own
factors of production. The choice among technologies and the decision to
invest reflect the circumstances affecting an entire sector of the economy and
can be conceptualized at that level. Furthermore, the options available to a
sector are also meso-level in that each decision involves a specific combination
of factors of production and intermediate or consumer goods, not trade-offs
between two individual inputs.

The structural building blocks of input–output economics are the technolo-
gies utilized in production. Technologies are described in terms of process-
level inputs per unit of output, such as magnitudes of seed, chemicals and land
required to produce a ton of wheat in a particular region and the change in
yield when a given amount of water is applied by sprinkler irrigation. Columns
of such coefficients are quantified for the past from business records (the
source of official input–output tables), while for the future technical experts
can provide projections for alternative technologies such as incorporation of
drip irrigation, the use of cooling towers to reduce thermal pollution or entirely
new technologies, for example, wind power for generating electric power. This
approach to representing a sector’s technology in terms of its inputs from other
industries, and its outputs to them, accounts for the ability to track interde-
pendencies among sectors. Statistical offices still produce input–output tables
and coefficient matrices exclusively in money values, but it is easy to see that
mixed units also satisfy the logic of the basic model and all its extensions and
offer the substantial advantage of explicitly distinguishing changes in quan-
tities from changes in unit prices. Mixed units also enable in-depth communi-
cation with engineer and natural scientist colleagues about changes in resource
availability, processing and fabrication, which are their foci of concern.

The parameters that dominate mainstream models, by contrast, are elasticities
that quantify the percentage change in one variable assumed to follow from a
percentage change in another. A key example is the elasticity of substitution,
which measures the ease of substituting capital and labour for each other in a
production function, in which output is a function of only these two variables.
When intermediate inputs (considered as a single input, when they are included
at all) and natural resources (again, usually represented as a single variable when
included) are added, a nested procedure is employed to determine substitutions.
The number of inputs is always quite small, as the nested production functions
approach quickly becomes unwieldy. Armington elasticities are used to govern
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the substitution between a domestically produced product and its imported
counterpart, and then in nested fashion to determine the amounts imported from
different trade partners. All elasticities must be inferred from (past) relationships
among the changes in the variables in question, a pair of variables at a time. The
use of elasticities as ex ante parameters require the assumption that, to the extent
that the changes reflect other unspecified variables, their omission does not
appreciably change the elasticity. The challenges in quantifying elasticities are
well known: some believe that their measurement can be refined through better
measurement techniques, but input–output models are based on the conviction
that columns of technical coefficients are better choices than elasticities for
parameterization.

A hallmark of input–output models is the fact that, not only the choice among
alternative technologies, but all options available to the meso-level actors are
represented at the same meso-level of detail, even when the scope for decisions
extends well beyond that of the basic model. This means, for example, that a
sector’s investment demand is specified at the level of individual capital goods in
a dynamic input–output model, not as an aggregate money amount; and the
investment goods ordered by a sector at one point in time match those produced
by other sectors, adding with a time lag to production capacity in the using
sector. This commitment imposes a strong consistency requirement on exten-
sions to the basic input–output model and in turn offers assurance of consistency
among the quantities and prices of good produced, traded and consumed.

2.4 Physical feasibility and price duality

The input–output representation of production technologies aims to achieve
physical plausibility. Each technological alternative is compiled as an exogenous
column of coefficients, whether it is the average technology used in that sector or
one of several choices for endogenous determination of how much is produced
by each option (in a choice-of-technology model). When the choice is endogen-
ous, it is based on consideration of entire input structures: the obviously strong
complementarity among most inputs makes this a more realistic choice than
allowing substitution between two inputs, one pair at a time. Physical feasibility
must also respect limits in factor endowments. Challenges surrounding the
representation of resource stocks are discussed next.

2.5 Compatibility among model closures

The development of input–output economics proceeds by progressive ‘closure’
of the basic model, where each closure makes endogenous some category of
final demand or some factor used in production by structuring additional
relationships among variables. The logic governing these relationships may be
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made explicit by adding new equations, by adding new assumptions to scen-
arios, or using a mixture of both. Even after model extensions, however, input–
output models make more substantial use of exogenous assumptions than do
neoclassical equilibrium models; input–output models rely heavily on the narra-
tive describing a scenario in cases where explanatory theory is deemed to be
lacking. This is the reason, to take a simple example, that consumption demand
is almost always exogenous and scenario-dependent in an ex ante input–output
analysis: consumption preferences change for many reasons beyond changes in
incomes and relative prices, such as changes in diets in rich countries away from
animal products towards more plant-based ones because they are healthier and
less resource-intensive. There is nothing to be gained from attempting to
construct formal equations to predict such changes in behaviour: they are better
viewed as alternative scenarios.

Input–output theorizing is the basis for a new model of international trade
(world model), the choice among alternative technologies within a single
region (choice-of-technology model), waste generation and waste management
(waste input–output model), and investment in built capital (dynamic model).
The world model is based on a generalized theory of comparative advantage;
in addition to the familiar variables, it requires exogenous variables measuring
factor endowments and endogenous variables quantifying scarcity rents. The
choice-of-technology model is based on the same logic as the world model,
optimization subject to factor constraints; its representation requires no vari-
ables or parameters besides those identified for the world model, and it is
achieved for each individual region through the device of a rectangular in place
of a square interindustry coefficient matrix. The logic behind the waste input–
output model is that wastes generated in one sector in an economy can after
processing be employed in the same or another sector, but the match must be
made at the level of specific resources. An extensive supplementary database is
needed to represent resource inputs, wastes generated, technologies for pro-
cessing wastes and sectoral technologies with the potential to absorb recovered
resources. A comparative static analysis can represent an economy at several
points in time, with decision makers taking decisions at each time step that
reflect scenario assumptions for that period. A dynamic model links these time
steps by requiring investment to maintain the capacity of the capital stock in
place in each sector and offering sector-level decision makers the possibility to
expand its capacity. It requires an additional matrix of coefficients showing the
sectoral composition of input requirements to expand each sector’s capacity
and an associated matrix of time lags for each such input, measuring how far in
advance that component needs to be purchased. Each of these models,
described in more detail in this chapter, requires establishing the logical
relationships and defining any new variables and parameters before quantita-
tive information can be compiled into databases.
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To be compatible, theories must not contradict each other, but meeting this
criterion is not sufficient to assure their integration in a single model. In fact,
integrating the individual models just mentioned requires both further concep-
tual extensions and the compilation of new kinds of data. Consider the
requirements for extending a one-region dynamic model to a dynamic model
of the world economy, or alternatively of making a one-period model of the
world economy dynamic. A dynamic model of one region will require (among
other conditions) that sector-level retained earnings plus loans from financial
intermediaries cover the costs of investments. Extension to the world economy
requires additional logic, and additional data, to distribute one region’s excess
earnings among domestic and foreign investment prospects.

3. Development of input-output theory

Several characteristics of all input–output models were described in the last
section: potential for multidimensionality of goals, options, and outcomes;
meso-level of analysis; physical feasibility and price duality; and model
closures supplemented by scenario narratives and scenario assumptions.
Each extension beyond the basic input–output model represents a conceptual
extension – a theory of trade in the case of a world model, the relations
between the generation and effective recovery of wastes for a model with
recycling, and a theory of investment for a dynamic model. If it has the
characteristics identified, the result is an input–output model. These logical
extensions are not unique: there is more than one way to realize any particu-
lar conceptual extension. Nonetheless these extensions comprise theories,
and they should be called theories, to signal and emphasize the fact that
input–output economics is more than a collection of data and an expanding
toolkit, and to identify and prioritize the areas requiring new theory develop-
ment to guide the formulation of model extensions.

3.1 Input–output economics and neoclassical economic theory

Over the course of the last century professional economists have perfected the
integrated conceptual edifice of neoclassical economics to describe how an
economy operates to achieve growth through exchanges among well-informed
individuals in unobstructed markets. It is assumed that decision makers have
stable, rational preferences among options; individual consumers maximize
utility (consumption) while individual producers maximize profits; and market
prices adjust to equilibrate demand and supply by allocating scarce factors
most efficiently. Researchers working in different areas develop specialized
theories relevant to their parts of the domain that may depart in particulars
from a pure version of neoclassical theory, but they are at least tacitly
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supportive of the overall neoclassical program for a variety of reasons. How-
ever, while CGE models make use of input–output databases, they fully adhere
to the basic neoclassical assumptions of complete information, competitive
markets, and the standard motivations associated with rational behaviour of
individual consumers and individual firms. Even within the input–output
community, some researchers embrace CGE models as a way of embedding
some of the attributes of input–output economics within an ex ante model of
the global economy that is based on standard neoclassical theorizing. This
is one approach to extending the scope of the basic input–output model.

Starting with Professor Leontief, however, many input–output economists
find the ground rules of neoclassical theorizing unnecessarily restrictive in that
many potentially desirable consumer and producer choices would have to
be deemed ‘irrational’ by those criteria. When it comes to representing the
choices among distinct technologies and the associated reliance on resources,
the advantages of a mesoeconomic representation are clear – at least to many
engineers and natural scientists. This fact can perhaps provide the incentive for
also considering the advantages of less restrictive behavioural assumptions and
a wider range of criteria for evaluating options.

Setting out the basic precepts of the program of input–output economics,
and identifying the distinct component theories as input–output theories, has
been slow to be realized for several reasons. Over many decades Professor
Leontief developed and used input–output models to evaluate ways of address-
ing what he saw as the critical problems of the twentieth century: reducing
income gaps among countries, the reallocation of resources from military to
civilian objectives, evaluating the adequacy of global endowments of
resources, and examining prospects for employment and incomes of workers
facing labour-saving technological changes. To support these investigations,
he chose to encourage the compilation of data over theoretical development
for two reasons. Since his approach to empirical analysis depends on the
availability of a highly structured and detailed database, institutionalizing
the collection of these data was indispensable for input–output economics to
flourish. He focused on data also because of his conviction that theorizing must
start from facts and proceed by direct interaction with empirical analysis, by
contrast with more abstract, data-free theorizing that he associated with the
neoclassical program (Leontief, 1971).

Professor Leontief’s second priority was to promote interdisciplinary
collaboration that would afford input–output economists access to the
specialized knowledge needed for the representation of technologies. He
also advocated scenario formulation and interpretation that transcends math-
ematical formalisms including the simplified assumptions of any model
including the input–output model. He especially singled out engineers as
collaborators, who would be necessary partners for a deeper understanding
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of the production processes actually utilized in different sectors and their
technological alternatives (Leontief, 1953).

Today, less than two decades after Professor Leontief’s death, his two
main desiderata (focus on data and interdisciplinarity) have been achieved
even more emphatically than he might have imagined. Input–output data for
the global economy are now compiled on a regular basis by statistical
agencies around the world and continue to be expanded in size and scope.
More recent is the development of several ambitious databases of the world
economy that include not only input–output data at unprecedented levels of
regional and sectoral detail, but also a great deal of environmental data
organized in classifications and units that facilitate their use in combination
with the economic information (a recent special issues of Economic Systems
Research is devoted to global multiregional input–output databases). Input–
output economics has sought and achieved a greater degree of interdiscipli-
narity in representing technologies than other approaches to economics,
benefitting from the substantial recent influx into our community of research-
ers in industrial ecology with expertise in process-level life-cycle assessment
and material flow analysis. These researchers are attracted by the ability to
absorb descriptions of specific resources, products, processes and technolo-
gies into a systemwide analytic framework. Their vital contributions continue
to improve the quantity and quality of input–output data and expand the
range of questions addressed in the input–output literature. The International
Society for Industrial Ecology now has sessions at its conferences, and
subject editors for its scholarly journal, expressly devoted to input–output
analysis.

3.2 Why input-output theory development lags

The realization of Professor Leontief’s priorities is a historically significant
achievement, and productive work along these lines continues to expand.
Unfortunately, however, the further development of input–output theory has
not only failed to keep pace with this burst of activity; what is more, its
absence is barely noted because its importance tends to be overlooked.
Potential theorists of input–output economics have in my opinion been
inadequately engaged in providing the kinds of conceptualizations needed
to address the great challenges of the twenty-first century in part because the
authors of empirical studies have failed to articulate their needs. Industrial
ecologists have championed the value of mixed units and hybrid analysis but
still work exclusively with only the basic model, represented by a square Big
A matrix, although possibly a very large one with many new types of
components, that is inverted to yield multipliers that measure the amount
of output required to satisfy a unit of final demand. While multipliers and the
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kinds of ex post decomposition analyses they make possible comprise a
substantial portion of input–output analysis today, there is also a critical
need to carry out ex ante scenario analysis. Sometimes the ex post models are
utilized for ex ante analysis without sufficient attention to the inadequacy of
their parameterization for this changed purpose. The CGE model is often
presented as an input–output model closed for the behavioural motives of
agents. But these are neoclassical closures: for those who consider turning
to CGE models, it is vital to clarify both the differences and the existence of
alternative input–output formulations beyond the basic model. This will
entail also actively encouraging theory building as the work of researchers
who also build models and interpret the empirical significance of their data
and results.

4. Resources as factors of production

Factors of production are inputs that are indispensable for production but are
not themselves produced in factories and offices, at least not in a single
production period. Factor inputs are either immobile or at least distinctly less
mobile than the products in which they are embodied. Often economists
distinguish only built capital and labour as factors of production, and the
only trace of factor inputs in an input–output table is limited to the earnings
of these two factors in the form of value-added contributed by labour and by
capital. Distinguishing more factors will require corresponding detail on
factor earnings, namely distinguishing rents on scarce resources. Input–
output studies have demonstrated the value of analysing an economy in
terms of dozens or hundreds, possibly even thousands, of economic sectors
producing goods and services. It is time to represent resources and other
factors of production also at a mesoeconomic level of detail. Challenges
surround the definitions and quantification of stocks of primary resources and
endowments of built capital and infrastructure, technologies in place for
resource extraction, and factor prices – especially rents accruing to scarce
factors. The resources include fresh water, arable land, petroleum and other
fuels, rare earths, platinum group and other metals, and fertilizer materials
such as phosphate rock.

The quality of a resource endowment depends on geological, technological
and economic considerations. These include, for example, the grade (or con-
centration) and accessibility of a deposit, the extraction techniques available,
and the distance from processing facilities. Current sources of mineral reserves
estimate for a given country the geologic endowment that could be ‘economic-
ally extracted or produced at the time of determination’ (USGS, 2010). In the
case of petroleum, it is widely recognized that distinct technologies are
required to extract reserves in, say, Saudi Arabia or the Canadian tar sands,
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even though both are by definition economic deposits (since they are in fact
being exploited). Reserves of natural gas (and some other crucial resources
such as lithium) have increased substantially due to the development of
hydraulic fracturation, which makes them economic in this sense. Starting
with selected resources of strategic importance, it is imperative to characterize
at least major deposits in more detail by specifying qualitative attributes and
technological requirements as well as quantities. The effects of changes in
demand, endowments, technological choices, prices and scarcity rents will
be far different for regions with high-quality endowments than those with
low-quality stocks.

The distribution of resource rents between the owner of a resource, say a
national government, and firms in the domestic or foreign extraction sector
exploiting it, can exhibit huge discrepancies depending on the resource and
negotiating power (e.g. see (Zacharia, 2010) and (Reuters, 2010) for divergent
arrangements for Israeli gas and Chilean copper). The systematic compilation
of information about resource royalties and rents in actual situations would
provide not only empirical information but also guidance for scenario
development.

A combination of resource depletion, increased demand, more stringent
environmental protection, and intentional restrictions on exports is generat-
ing competition among importers, more aggressive extraction technologies
(such as deep mining of the seabed) and higher extraction costs. At the
same time, the accumulation of goods and infrastructure that no longer
have economic value are waste products that could provide a secondary
source of resources while also relieving pressures on landfills. Both
resources and material wastes exhibit highly uneven global distributions,
reflecting geophysical realities in the first case and the history of industri-
alization and the accumulation of wealth and material infrastructure in the
latter. The ability to substitute primary, nonrenewable resources by
recovered ones, or by renewable resources, has implications for material
impacts of extraction and processing as well as international transfers of
wealth. Expanding the set of factors of production poses data challenges
that depend on expertise about the physical properties of resources and
technologies for extracting, processing, fabricating, recovering and re-using
or reprocessing them.

5. Extensions: model closures and data requirements

A dynamic input–output model of the global economy with an adequate
conceptualization of resource endowments and resource rents and offering
technological alternatives for production, including the choice between pri-
mary and secondary resource inputs, can improve understanding of the nature
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of the resource crises we may face and ways for avoiding them. Many of
the modelling and data requirements exist and are described in this section.
Five features that distinguish the input–output modelling framework are
identified and are maintained through all the conceptual extensions.

5.1 Closure 1: comparative advantage

I start with an input–output model of the world economy that determines the
international division of labour and world prices by direct comparisons of
costs of production using different technologies in different regions. The
world model in question is based on a theory of comparative advantage,
generalized to the case of any number of trading partners, sectors and factors
of production (Duchin 2005). The scenario specifies consumption demand,
alternative production technologies and factor endowments. Resources have
two-part prices: one part is exogenous, assuring that resources with endow-
ments that are not fully utilized can have non-zero prices. The model
minimizes global factor use, rather than maximizing notions of welfare and
utility (or consumption) and profits. A sector’s output may be constrained by
any one (or more) of the various factor endowments. Thus it may be a
mineral endowment that is in short supply, the resource could be abundant
but the mine operating at full capacity, or fresh water needed for mining
operation in short supply. When an endowment constraint is binding in some
region, meaning that it is fully utilized and therefore scarce, an endogenous
scarcity rent is earned and added to the exogenous one. The amounts of
rents earned in a region depend upon the size of the divergences between a
region’s costs of production and that of the highest-cost producer (that
actually produces) in each sector. The comparative advantage framework
provides direct logical links among global demand (which puts pressure on
endowments), exhaustion of regional factor endowments (which requires
moving on to higher-cost producers), world prices of goods and regional
factor earnings.

One extension of this theoretical framework is the endogenous determin-
ation of bilateral trade flows by taking the differential costs of transport from
exporting regions directly into account in the cost comparisons (Strømman and
Duchin, 2006). The full family of World Trade Models (WTM) and databases
has been applied in a number of empirical studies, most recently focusing on
future challenges surrounding food and agriculture and their reliance on water
withdrawals and agricultural land.

Another extension of the World Trade Model incorporates the Rectangular
Choice of Technology model (Duchin and Levine, 2011, 2012). In the case
of a single region, a sector chooses the lowest cost among two or more
alternative technologies. However, if this technology runs into a factor
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constraint before satisfying all demand for its product, the sector will simul-
taneously employ another one of its options if possible. The model is called
rectangular because the matrix of intermediate coefficients includes only one
row for the product in question but several columns, one for each techno-
logical option. The underlying assumption is that the user is indifferent to
how the product was produced. The realization that an input–output matrix
of intermediate outputs need not be square and invertible helps encourage
other departures from accustomed practices. The RCOT specification for a
single region is easily and fully incorporated into the model of the world
economy. My colleagues and I make use of it in all our empirical studies, in
particular allowing for crops to be grown by some combination of irrigated
and rainfed technologies depending upon water availability under different
scenarios.

5.2 Waste management and secondary sources of resources

Secondary resources are one output of a waste-management system focused
on recovering useful materials from by-products and production wastes,
obsolete infrastructure, and end-of-life products. The ability of material-
using sectors to make use of reprocessed materials depends on product
requirements, properties of the secondary vs. primary materials, and their
relative prices. A body of work called Waste Input-Output (WIO) analysis,
developed by Nakamura and Kondo (2002, 2009) includes a detailed data-
base of technical information about material use and wastes, models for
analysing the database, and empirical studies. The WIO database distin-
guishes dozens of resource inputs and wastes generated in each sector of
the Japanese economy. It is quantified using process-level data (LCA inven-
tories) in physical units and aligned with the sectors of the Japanese input–
output table. The database also identifies the major treatment options used for
recovering materials for reuse, indicates the portions of each waste treated in
different ways and indicates the wastes that can be handled using each
treatment technology. An extension of the framework is an optimization
model that establishes a criterion for an optimal waste management and
recycling program (Kondo and Nakamura, 2005). The objective function
used in this case study maximizes GDP per unit of direct material input,
but other formulations can be used in future research. The model constraints
include limits on landfill capacity.

The incorporation of waste generation, waste treatment, and material
recovery and reuse into an input–output modelling framework provides
closure of the one-region model for wastes. Doing so further strengthens the
linkage between LCA and input–output economics by directly incorporating
into the model the end-of-life stage of a product’s life cycle. It associates a
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detailed array of resources with the products in which they are embodied, and
links these products with associated wastes and their prospects for reuse. The
feasibility of this WIO program is now demonstrated. A conceptualization and
database that extends the framework for a global perspective on wastes and
recycling remains to be developed.

5.3 Investment and economic dynamics

Investment in a great deal of infrastructure and built capital of all types will
take place over the next few decades in developing countries. One priority area
is electrification, including construction of dam projects to supply hydropower,
irrigation water and household needs. A related area is infrastructure for water
delivery and sewage treatment. An important project is development of renew-
able energy sources intended for desalination of sea water, in particular in parts
of the Middle East that are well endowed with solar radiation but water-scarce
(World Bank 2012). Realizing such development objectives is a resource-
intensive undertaking that will require funding from domestic and foreign
sources. In many of the rich countries, infrastructure renewal is a high priority
that is also resource intensive. For a single economy, both physical require-
ments and availability of funding can be evaluated using a dynamic input–
output model. Many of these projects, very large dams for example, will have
impacts on the provision of ecosystem services that need to be evaluated for
comparison with the intended benefits.

Duchin and Szyld (1985) developed a dynamic input–output model for a
single region that introduces sector-level production capacity as a variable and
tracks its rate of utilization. In this framework, a sector invests for expansion
when unused capacity is inadequate to meet anticipated future needs. The
model provides an equally good representation for an individual sector that
is contracting as for one that is expanding. The intertemporal structure of the
model assures consistency between investment goods ordered at one time,
their production in other sectors at different times (reflecting an exogenous lag
structure) and their addition to capacity at yet another time. The duality
between the dynamic quantity and price models assures consistency between
funds available and funds spent on capital investment. The model is more
successful for empirical analysis than Professor Leontief’s dynamic inverse or
its predecessors, which were restricted to a balanced growth path where all
sectors must expand (or see their built capital turn back into intermediate
goods and the intermediate goods into resources!), and in addition do so at
the same rate. This model has been used in empirical studies, but its wider
use is limited by a number of deficiencies, including not limited to the paucity
of data on capacity by sector and capacity utilization rates that meet more than
minimal conceptual requirements.
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To incorporate dynamics into an input–output model of the world econ-
omy requires the explicit representation of retained earning and savings in
each economy and a conceptual logic for their allocation domestically or
abroad. The explicit representation of the extent and distribution of the
international transfers of wealth associated with resource scarcity and
resource rents in the World Trade Model is a necessary but not sufficient
step towards representing the transfers associated with direct domestic and
foreign investment.

The representation of waste generation and material recovery requires
a dynamic framework to associate the stock-flow relationships in the accumu-
lation of built capital and the portion of it available for recovery of secondary
materials, on the one hand, and of the drawdown of resource endowments
due to cumulative extraction, on the other, while also explaining the dual
relationship between associated costs and prices. This integration has not yet
been undertaken.

6. Conclusions

This chapter focuses on the emerging resource challenges of the twenty-first
century and the development of an input–output framework for analysing ways
of responding to them. I identify the features of input–output economics that
distinguish it from mainstream economics in ways that make it well suited to
taking on this challenge. I provide a sketch of what exists and what is needed
in terms of theory, models and data to analyse alternative scenarios about
future population, lifestyle preferences, technologies and constraints (both
of physical origin and based on legislation). The objective is to examine
prospects for primary resource use, shifts in the international division of
labour, and the transfer of income, wealth and property ownership that could
be anticipated.

I argue that the effort expended for theory formulation and scenario devel-
opment in input–output economics has been inadequate. This is true both for
historical reasons and because of ambivalence within our community about
the relation of input–output economics to neoclassical economics, where the
fundamental building blocks for theory already exist and there is less need
to develop the new skill of developing detailed narratives for scenarios. The
central challenge of this chapter is to stimulate new work on expanding
the theory of input–output economics that is directly related to extending the
scope of existing models and, in turn, assuring conceptual definitions of
variables that match theoretical requirements. I identify as priorities the need
to treat all potentially scarce resources as factors of production and to develop
a framework for describing their endowments in a particular economy. Three
active areas of input–output development in theory, data compilation and
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empirical analysis are discussed: a model of the world economy, a waste
input–output framework and a dynamic model. A related need is for a repre-
sentation of the financial sectors that reveals their special role in the allocation
of savings. In fact, there is no shortage of theoretical challenges to be taken
on by those who agree that we have only begun to exploit the full potential of
input–output economics.

We have entered the era of Big Data for Big Models, developed within
highly organized, cross-disciplinary research communities that are supported
by national science agencies. Perhaps the earth system modelling community,
which aims to understand the interactions among biogeochemical system
components as the basis for predicting future climatic conditions, best
exemplifies this phenomenon. Emissions of greenhouse gases and changes in
land use are drivers for climate change scenarios that engage thousands of
researchers.

Emissions and land use reflect many levels of decisions that are and
will continue to be taken by human populations, and those decisions are
interconnected with other choices regarding lifestyle preferences involving
diets and mobility, recovery of secondary materials, and investment priorities
to name only a few. It seems appropriate and likely for a research community
to emerge around data and models of the world economic system that
attempts to bring closure for the many socio-economic and material consider-
ations. In this chapter I have tried to make the case for the features of input–
output economics that distinguish it from neoclassical economics in defining
its role within that community and to stress the need for a focus on theory
development that is consistent with input–output economics. I have illus-
trated the potential with several existing input–output models. These could
be combined, starting with the input–output model of the world economy
with interdependent quantity and price models and stocks and flows of a
vastly expanded set of resources. The model offers choices among alternative
technologies at process-level detail; these options could include technologies
for recovering secondary materials from wastes as an alternative to their
primary material counterparts. Decisions governing the disposition of
domestic and foreign investment could determine the nature of infrastructure
and other built capital that remain in place for decades and examine the
consequences of alternative sources of funding them. These phenomena
hardly exhaust the aspects of the global socio-economic system that will be
important determinants of the quality of life of future generations and that
no doubt will eventually also be included in comprehensive models of this
system.

I end with a reminder that one characteristic feature of input–output models
is the simplicity that lies behind their logical transparency: all of the input–
output models discussed earlier can be written in a very small number of
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matrix equations. Alongside the efforts to build and sustain Big Data and
Big Models, it is vital to keep a safe place for developing and refining
theory describing the logic behind specific aspects of the complex reality. In
the final analysis, it is the power of theory that makes it possible to achieve
transparency and simplicity without oversimplifying.
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