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a b s t r a c t
This paper proposes a methodology that integrates a growth model with an input–output model to analyze
the impacts of economic growth on the consumption of energy. The integration between the models is
carried out by calibrating the growth module, which incorporates energetic inputs (renewable and
nonrenewable) in the production function, and implementing shocks by the supply side (capital, labor,
renewable and nonrenewable energy) in the input–output model. This allows us to verify the pattern of
energy consumption for each sector in the input–output matrix. We apply this methodology to study the
energy consumption of eleven economic sectors in Brazil, using data from the Brazilian National Accounts
and Input–Output Matrix (IBGE) and the National Energy Report (BEN). We conduct experiments involving
changes in technological progress growth rate, extraction and regeneration rates of both renewable and
nonrenewable resources and population growth to analyze the impact of changes in the parameters of the
model on the sectoral output growth rate and, consequently, on the consumption of energy in each economic
sector.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction
The relationship between energy use and output growth has
received increasing attention in recent years. While energy is an
essential input for growth and development in modern economies –
economic production uses both renewable and nonrenewable
resources as sources of energy – energy use is also expected to be a
limiting factor to economic growth, as other factors of production such
as labor and capital cannot do without energy. Limited natural
resources imply a serious drag on growth that may eliminate most or
all of the positive inﬂuence of technological progress on income per
capita. However, the use of renewable resource may allow a sustained
growth despite natural environment limitations. It can also be argued
that the impact of energy use on growth will depend on the structure
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of the economy, energy intensity and the stage of economic growth of
the country concerned. Moreover, if energy use and environment
policies affect the rate of productivity and the growth of the
population, they will also have effects on long-run growth.
The process of economic development has involved a strong
growth of energy demand. Economic growth is a critical determinant
of demands for energy and growth projections are essential for
estimates of future demand and supply of energy. However, the
expansion in energy consumption concomitant with economic
development can potentially create serious problems. For instance,
the growth in industrial production can place a severe strain on
available domestic energy supplies, which in turn can lead to high
energy prices domestically or an increase in imports of energy
resources with consequences for the country's balance of payments.
Economic growth can also create energy shortages since the rates
depletion of exhaustible resources and regeneration of renewable
resources may differ from the output growth rate.
Over the past years there has been an increase in the literature that
deals with the energetic topic. The use of different methodologies to
study empirical questions is widely accepted in the literature.
Although this paper does not seek to address and discuss advantages
or disadvantages of different methods, we recognize the existence of a
large range of approaches to model energy and natural resources. For
instance, (i) econometric models (Adams and Shachmurove, 2008;
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Gan and Zhidong, 2008; Lee and Chang, 2008; Stern, 2007); (ii) input–
output models (Anderson et al., 2007; Marriot, 2007, Morán and
González, 2007; Kagawa and Inamurra, 2004; Alcantara and Padilla,
2003; Hawdon and Pearson, 1995; Hsu, 1989; Park, 1982); (iii)
integrated models − econometric + input–output models (Rey, West
and Janikas, 2004; Rey, 2000; Rey, 1998; Rey and Dev, 1998) and macro
econometric models (Barker et al., 2007) and (iv) computable general
equilibrium models (Sue Wing, 2008; Allan et al., 2007; Bjertnaes and
Faehn, 2007; Wissema and Dellink, 2007; Vanden and Sue Wing,
2007; Otto and Reilly, 2007; Naqvi, 1998).
The main goal of this paper is to contribute in this discussion by
proposing a novel approach to investigate the relationship between
economic growth and energy consumption. This approach integrates
an exogenous growth model and an input–output model to analyze
energy use and economic growth at an economic sectoral level. Our
point of departure for modeling economic growth is the neoclassical
theory of growth originated by Solow (1956, 1974). This theory has
been developed over the last years with important contributions to
questions related to energy, the environment and economic growth
(Cass, 1965; Koopmans, 1967), natural resources extraction and
growth (Dasgupta and Heal, 1974; Stiglitz, 1974, Chakravorty et al.,
1997, Martinet and Rotillon, 2007), environmental quality and income
levels (Lopez, 1994; Brock and Taylor, 2004, 2005).
The input–output framework of analysis was developed by Wassily
Leontief in the late 1920s and early 1930s. The input–output analysis is
a method of systematically quantifying the mutual interrelationships
among the various sectors of a complex economic system. The input–
output model is based on a fully determined general equilibrium
model, where all the intermediate goods were expressed as a set of
equations with sales and purchases of the intermediate industries
forming the core of the system. Leontief (1941) designed a “closed
model”, namely a model where all ﬁnal demand and value added
components were taken as endogenous. Later, Leontief (1951)
reformulated the system to what is known as an “open model”, with
the ﬁnal demand and value added components treated exogenously.
It is important to highlight that the input–output literature covers
issues across a wide range of topics (e.g. growth, welfare, interdependence); policy issues (e.g. income distribution, employment,
investments, migration, energy consumption, and the environment);
analytical frameworks (e.g. static, comparative static, dynamic,
structural, spatial, and open versus closed); units and levels of
analysis (e.g. enterprises, industries, metropolitan areas, regions,
multiple regions, single nations, groups of countries, and the world)1.
One of the most important features of input–output models is the idea
of ﬁxed technical coefﬁcients. Economic policy, however, induce
changes in these input–output coefﬁcients. The literature presents a
different range of approaches to address this issue, such as econometric models (Jorgenson and Wilcoxen, 1993), macroeconomic
production functions (Raa, 2005) and applied general equilibrium
models (Johansen, 1960).
Different input–output models are speciﬁed in order to study the
interrelations between economic activities and their impacts on the
environment, pollution and natural resources use. Park (1982) puts
forward an input–output model to study direct, indirect and induced
energy effects of a change in ﬁnal demand and estimates the effects of
technical change on energy consumption. Hawdon and Pearson
(1995) constructed an input–output model to study interactions
between energy and economic activities for the United Kingdom.
Henry (1995) discusses the idea of capacity growth and the impacts
on energy in an input–output framework and shows how a forward
year by year uniform capacity growth across all sectors can be reached
based on a speciﬁc annual growth rate. The speciﬁcation of an energy
sector in the model allows to deal explicitly with the importance of

energy to any capacity expansion. Murthy et al. (1997) study carbon
dioxide (CO2) emissions from energy consumption in India and argue
that the input–output framework ﬁts very well this kind of analysis
due the possibility of verifying the direct and indirect emissions
caused by variations in each category of ﬁnal demand. Machado et al.
(2001) measure the impacts of foreign trade on energy use and CO2
emissions using a hybrid input–output calibrated to the Brazilian
economy for 1985, 1990 and 19952.
We present a growth model with renewable and nonrenewable
resources and perfect mobility of commodities. Economic sectors
differ with respect their capital intensity and energy use. Nonrenewable resources are depleted as they are used. The stock of nonexhaustible resources is renewed each period at a given rate.
Economic sectors differ with respect to their capital intensity and
energy use. To the best of our knowledge, this is the ﬁrst study to
propose an integrated exogenous growth model and input–output
model to analyze energy consumption and economic growth at the
economic sectoral level. The neoclassical growth model is a useful tool
for gaining insights into the key factors that determine the ability of an
economy to sustain itself in the long-run. An advantage of our analysis
is that shocks to the input–output model are consistent with the
solution of a well deﬁned growth model, which minimizes the ad hoc
structure of the shocks. The relationships between the economic
agents are established in the input–output framework, which
eliminate the necessity to model such complex interactions. This
integrated framework offers a simple methodology to study the
relationship between growth and energy consumption, which relies
mainly in the solution of the growth model and in the input–output
structure of the economy. No econometric methods are used in our
methodology.
Energy consumption is often used as a proxy for economic growth.
On average, the consumption of energy grows at a rate of 2% per year
and it is expected that it will double in 30 years. The growth rate is not
uniform across countries. While the energy consumption grows at 1%
in developed countries, this rate is four times higher in developing
countries. In this paper, we contribute to the ongoing debate about the
link between economic growth and energy consumption by studying
the Brazilian economy and its economic sectors.
To study the impact of economy growth on energy consumption,
we use the Brazilian National Accounts and Input–Output Matrix
(IBGE) and the National Energy Report (BEN). We analyze eleven
economic sectors: Agriculture, Mining, Nonmetallic minerals, Steel
and nonferrous metals, Paper products and printing, Chemicals,
Textiles, Food and beverages, Trade and services, Transportation and
Public administration. More than 80% of the energy consumed by
sectors such as Food and Beverages, Trade and Services, Public
Administration and Paper Products and Printing comes from renewable natural resources. On the other hand, Mining, Chemicals,
Transportation and Nonmetallic Minerals consume energy from
nonrenewable resources heavily.
The calculated sectoral output growth rates indicate that the Trade
and Services, Public Administration and Agriculture sectors have a
much higher long-run growth rates than the other sectors as well as
the economy. We observe that these three sectors have the lowest
renewable and nonrenewable resources shares among all sectors
analyzed. The remaining sectors have a very low output growth
rate, lower than 1%. For all sectors, except Public Administration, the
consumption of energy in 2003 (our baseline year) is above the level
of energy consumption associated with the sectoral long-run output
growth rate. We then forecast the long-run energy consumption by
sector in Brazil for the period 2004–2014, assuming that economic
sectors grow at their long-run growth rates. We also conduct several
experiments to analyze the impact of changes in the parameters of the
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