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Overview
Economic performance is closely related with energy consumption, the major part of which comes from non-renewable sources. While endeavoring to promote renewable energy, policy makers are interested in technological change that also increases energy efficiency. However, both growth models of directed technological change and microeconomic theories regarding innovation suggest that technological change is not necessarily biased towards energy. In order to investigate directed technological change at the micro level, this paper applies stochastic frontier analysis to firm data for 32 economic subsectors, with respect to output produced with four inputs: capital, labor, electricity and fuel. Subsectors demonstrate different levels of technical inefficiency, upon which positive marginal effects are imposed by capital deepening and financial income. Output elasticity of labor is generally high among the subsectors, emphasizing labor as the main driver for economic growth. Output elasticity of capital is low overall, although a few subsectors enjoy better marginal returns. In most subsectors, technological change is biased the most towards labor; between electricity and fuel, technological change has favored fuel in more cases. Policy suggestions may include promoting education; supporting R&D that boosts TFP; encouraging the adoption of energy-efficient technologies in production, among others.
Methods
The stochastic frontier method is first introduced by Aigner, Lovell and Schmidt (1977) and Meeusen and Van den Broeck (1977). In recent years, it is frequently adopted by studies in energy economics. Two approaches are more commonly applied. The distance function approach allows to deal with a production process that results in multiple outputs, and focuses more on the issue of technical efficiency, e.g. Liu et al. (2019) who analyse the impact of environmental factors on the efficiency of Chinese power grids. On the other hand, the production function approach is usually applied to address the issue of directed technological change, e.g. Shao et al. (2016), who study whether technological change has taken place in a way that alleviates the dependence of industrial production on CO₂ emissions in Shanghai; and Yang et al. (2018), who study whether technological change is biased towards fossil energy or non-fossil energy in China's industrial sector.
The center of our empirical analysis is to estimate a translog production function with four input factors for 32 economic subsectors of Portugal, in the form of second-order Taylor approximation. We use firm-level micro data from the BPLim database of the Bank of Portugal, with the following variables:
Y – Output: measured by non-financial revenue;
K – Capital stock: measured by tangible fixed capital;
L - Labor input: measured by total hours worked;
E – Electricity input: measured by expenditure on electricity;
F – Fuel input: measured by expenditure on fuel.
Previous studies (Shao et al., 2016; Yang et al., 2018) use industry level data and estimate one common production function for the industrial subsectors. Firm level data allows us to estimate one individual production function for each industrial subsector, which will provide more robust information as a micro-level study.
The stochastic frontier method assumes that the production possibilities of an agent lie within a production frontier by separating the error term into two parts: the noise term and the technical inefficiency term. The technical inefficiency term depicts the loss in potential output due to technical inefficiency; different assumptions can be made upon the distribution of the inefficiency term; in our case, we assume that the inefficiency term is half-normally distributed and the variance depends on three factors:
Capital deepening: measured by the ratio of capital stock and labour input;
Energy consumption structure: the share of electricity in the consumption of energy;
Share of financial income in total revenue: as suggested by Barradas (2017), among others, financialization may be detrimental to real economy. We try to explore evidence in the form that higher share of financial income might positively affect technical inefficiency in production.
The translog production function is estimated with maximum likelihood method, and then using the parameters estimated, along with the data, we derive the output elasticities of each input, factor bias index (Diamond, 1965), as well as total factor productivity growth rate along with its components (Technological progress, technical efficiency change and scale efficiency change). In this way, we analyse how technological change is biased at firm level in different economic sectors of Portugal.
Results
Main empirical result 1: Technical inefficiency is statistically significant at 5% level in 26 of the 32 subsectors; capital deepening and share of financial income impose positive marginal effects on the distribution of technical inefficiency.
Policy implication 1: There is potential to improve economic performance by eliminating technical inefficiency, e.g. by encouraging employment and regulating financial activities.
Main empirical result 2: The output elasticity of labor is increasing in most subsectors; in 24 of the 32 subsectors, the mean output elasticity of labor is the highest among the four inputs. Usually, returns to scale are high where output elasticity of labor is high. In most subsectors, the output elasticity of capital is decreasing and the lowest among the four inputs; nevertheless, there are still subsectors where capital enjoys a higher marginal return.
Policy implication 2: The growing importance of labor in production implies promoting education, both academic and professional, as key to sustain long-run growth; meanwhile, the government may keep investors informed of better opportunities of investment, e.g. the economic subsectors where the returns for capital are higher.
Main empirical result 3: In most subsectors, total factor productivity growth rate is moderate, and increases through the sample time periods, while in a few subsectors growth in TFP is at a standstill. Technological progress (TP) and technical efficiency change (TEC) both contribute to TFP growth, while scale efficiency change (SEC) plays very little role.
Policy implication 3: In order to improve TFP growth, it is equally important in promoting technological progress and eliminating technical inefficiency.
Main empirical result 4: Generally, among the four input factors, technological change is biased the most towards labor in the sample period; between electricity and fuel, technological change is biased more towards fuel and deviated from electricity. Given that a great part of electricity consumed in Portugal comes from renewable sources (over 50% in some recent years), such could be evidence that technological change is biased towards the non-renewable input rather than the renewable.
Policy impolication 4: policies should target the development and adoption of energy-efficient technologies, e.g. providing more accessible energy audit service to firms; anyway, promoting TFP growth is always an option.
Conclusions
[bookmark: _GoBack]In our research, we apply the stochastic frontier analysis to firm-level micro data for Portuguese economic subsectors, in order to explore the direction of technological change with respect to energy and other input factors for production. Findings suggest widespread technical inefficiency among Portuguese economic subsectors; wihle labor is of increasing importance in production, technological change is biased more towards fuel rather than electricity, among the two forms of energy inputs. This could be evidence that technological change is more likely to be biased towards the non-renewable input than the renewable. Policy implications include promoting education, eliminating technical inefficiency, supporting R&D to boost TFP, among others. The paper also leaves unattended issues and calls for connection to theories; better utilization of the database could be made in future studies.
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