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Abstract 

This paper examines (i) the extent to which progress in energy-saving technology 
occurred following the energy price shocks of the 1970s and (ii) the fraction of the 
growth in total factor productivity (TFP) that is attributed to improvements in 
energy-saving technology in Japan. Using aggregate data, our calculation shows a 
rapid growth in the development of energy-saving technology during the 1970s and 
1980s. In addition, it is found that the improvements in energy-saving technology 
account for about 18.4% of TFP growth over the period 1970–2013.  
 
Keywords: energy-saving technological change; total factor productivity; relative 
price of energy. 
JEL classification: O13, O44, Q43 

1. INTRODUCTION 

In his famous book “The Theory of Wages,” Hicks (1932) introduced the concept of the 

“induced innovation hypothesis,” which states that a surge in the input price would induce 

innovation to enhance its more efficient use. In the context of energy use, this hypothesis 

predicts that following a sharp rise in the price of energy, improvements in energy-saving 

technology will be observed. This study examines to what extent, if any, the progress in 

energy-saving technology was achieved in Japan after the first and second oil crises. 

   This paper also attempts to obtain the purified total factor productivity (TFP) in which the 

effect of improvements in energy-saving technology is extracted from the (crude) TFP. It is 

important to distinguish between these two types of productivity improvements since their 

implications on aggregate variables are different. For instance, Niizeki (2013) introduces an 

energy-saving technology shock into the model employed by Kim and Loungani (1992) and 

shows that a 10% positive energy-saving technology shock reduces energy use by around 
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10%, whereas it has only a negligible impact on value added. This implies that if a large part 

of the (crude) TFP is accounted for by improvements in energy-saving technology, we need 

to search for other sources (other than TFP) for explaining business cycles and economic 

growth.  

Several papers investigate causality from the rise in energy prices to improvements in 

energy efficiency. For instance, Popp (2002) uses U.S. patent data from 1970 to 1994 to 

investigate the impact of increases in energy prices on innovations in energy efficiency. He 

concludes that the rise in energy prices has a positive statistically significant impact on 

energy-efficiency innovations. Newell et al. (1999) use Sears Catalog data on room air 

conditioners, central air conditioners, and gas water heaters, over the period 1958–1993, to 

examine whether the rise in the relative price of energy induces increases in energy efficiency. 

They show that price-induced improvements in energy efficiency account for about 28–46% 

of the total change in energy efficiency. Linn (2008), using plant-level data from the United 

States Census of Manufactures, compared the energy intensity ( ) responses of entrants 

and incumbents to the rise in the energy price and concluded that the improvements in 

entrants’ energy efficiency account for a quarter of the observed changes in energy intensity 

over the period 1972–1982.  

In this paper, aggregate data is used to capture the broad technological progress in energy 

use that ranges from the progress observed in a specific sector or industry to the one derived 

by a change in the industrial structure. This study is closely related to that of Hassler et al. 

(2012), which also derives the series of energy-saving technology using U.S. aggregate data, 

through a methodology similar to ours, which is discussed below. Their findings show that 

the introduction of energy-saving technology appears to have coincided with the energy price 

shocks of the 1970s.  

Figure 1 displays the trends in the actual relative price of energy and real energy use. The 

relative price of energy is calculated by dividing the energy price deflator by the GDP 

deflator. Real energy use is calculated as the total quantity of imported fossil fuels (petroleum, 

coal, and liquid natural gas) and nuclear power generation evaluated at the base-year price.
1
 

As can be seen, two spikes in the relative price of energy and a consequent stagnation in real 

energy use are observed for the 1970s. A striking feature is that energy use seems to not have 

responded to the continuous rise in the relative price of energy that occurred in the 2000s. 

Indeed, the correlation between the relative price of energy and the Hodrick–Prescott filtered
2
 

real energy use over the period 1973–1987 is −0.26, whereas the one over the period 

1988–2013 is −0.05. These findings indicate that the Japanese economy turned out to be less 

energy price responsive, implying that it was the energy price shocks of the 1970s that 

triggered the change in energy-saving technological development.   

                                                   
1 See Appendix for details of data construction. 
2 The smoothing parameter is set at 100. 
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Figure 1: Real energy use and relative price of energy 

 

The remainder of the paper is organized as follows: Section 2 describes the methodology, 

Section 3 discusses the results, and Section 4 concludes.  

 

2. THE METHODOLOGY 

Before measuring the change in energy-saving technological development, the benchmark 

model is set up as follows. Here, it is assumed that the representative firm faces the following 

profit maximization problem: 

 

(1) 

subject to 

     , (2) 

where  is the gross output,  is the TFP,  is the relative price of energy, and  is 

the aggregate energy use. The firm imports energy from abroad at an exogenously given price, 

, per unit. TFP is also exogenous to the firm.  
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One of the most important parameters in our analysis is, , the elasticity of substitution 

between the capital stock and energy. According to the previous studies, there is ample 

evidence for a low substitutability between the capital stock and energy. In the 1970s and 

1980s, numerous studies estimated the Allen elasticity of substitution between inputs by 

estimating the first-order conditions for inputs derived from a translog cost function whose 

inputs were, in general, capital stock, labor, energy use, and materials. For instance, Berndt 

and Wood (1975) used the United States manufacturing data for the period 1947–1971 to 

show that the Allen elasticity of substitution between the capital stock and energy ( ) 

ranges between −3.09 and −3.53. The negative value for the Allen elasticity of substitution 

indicates that the two inputs are complements. Hudson and Jorgenson (1974) used the same 

dataset as Berndt and Wood (1975) to employ a similar translog cost function specification. 

They reported that  was about −1.39. In Canada, Fuss (1977) used the manufacturing 

data for the period 1961–1971 to show . In Japan, Ito and Murota (1984) used 

the annual aggregate data for the period 1965–1981 to employ the translog cost function, 

including the additional technology term, but they excluded materials for simplicity. The 

estimated result was . Wago (1983) used quarterly Japanese data for the period 

1965–1979, and also used the translog cost function, including the technology term, and 

reported that  was about −0.282, on average. 

In addition, several studies estimated the elasticity of substitution directly from the 

production function. Miyazawa (2009) assumed similar profit maximization in Equation (1) 

and estimated the firm’s optimal condition using the generalized method of moments. From 

U.S. data, he reported that  and . Hassler, et al. (2012) used maximum 

likelihood estimation and arrived at an elasticity of substitution between energy and the 

capital/labor composite of 0.0044 (which was not statistically significant). Given these results, 

, in this paper is set to 0.05.
3
  

To calibrate , the production function and the first-order condition for energy use are 

combined as follows: 

                                                   
3 As long as  is low enough, as reported in the previous studies, the measured energy-saving 
technology remains almost unchanged.  
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,   for  (3) 

Equation (3) is then solved for , and  is then averaged over the period 1970–2013, 

resulting in . Finally,  is set at 0.362, taken from Hayashi and Prescott (2002). 

Now, the level of energy-saving technology is measured by applying the “business cycle 

accounting” methodology originated by Chari et al. (2007). First, obtain the first-order 

condition for energy use as follows: 

 

(4) 

where . The right-hand side of Equation (4) is the marginal 

product of energy use, so that Equation (4) implies that it must be equal to the relative price 

of energy at equilibrium. Given the above calibrated parameter values and the actual data for 

, it is also possible to obtain the empirical counterpart of the marginal product of 

energy use. In the data, Equation (4) does not necessarily hold; indeed, the empirical 

counterpart of the marginal product of energy use is more than twice the relative price of 

energy, on average, over the period 1970–2013. This implies that the optimal energy use 

generated by Equation (4) significantly overpredicts the actual data. The failure of Equation 

(4) would be at least partially ascribed to the omission of progress in energy-saving 

technological development. That is, firms did not purchase energy as Equation (4) predicts, 

due to the improvements in energy efficiency. For the sake of brevity, it is assumed in the 

current analysis that the entire discrepancy observed in Equation (4) is attributed to the 

energy-saving technological change. This is captured by  in the following modified 

production function: 

     , (5) 
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where  is the level of energy-saving technology. In this production function, the first-order 

condition for energy use is obtained as follows: 

 

(6) 

where .  is, then, calculated by solving Equation (6) 

for  each year, using the actual data and the calibrated parameter values.
4
 Note that  in 

Equation (5) is different from the original TFP ( ) in Equation (2), since the effect of the 

improvements in energy-saving technology is extracted from  and is labeled “purified 

TFP” in this paper.  

   Before showing the calculation results, it is worth discussing the assumption that  is 

exogenous in our analysis. There is no doubt that it would be more plausible to endogenize 

this technological change by, for example, introducing the R&D sector in the model. Indeed, 

there are several attempts to endogenize  by extending a standard endogenous growth 

model. For instance, Smulders and de Nooji (2003) endogenize the energy-saving 

technological change in the model in which the quality of intermediate goods improves 

through R&D investment and succeed in generating the energy-saving technological progress 

that follows the rise in the energy price.
5
 Although an attempt to endogenize technological 

changes is worth investigating, it is simply assumed that  is exogenous and this is left for 

future research.  

 

3. THE RESULTS 

The measured level of energy-saving technology is displayed in Figure 2. As can be seen, the 

dynamics of energy-saving technology can be divided into two parts. Over the period 

1973–1987, the Japanese economy experienced significant improvements in energy 

                                                   
4 In the context of “business cycle accounting,”  can be described as an “energy wedge.” 
5 See Gillingham et al. (2008) and Loschel (2002) for comprehensive surveys for modeling 
endogenous technological changes in environmental models. 

Takeshi Niizek ,Int.J.Eco. Res., 2015, v6i1, 112  - 123  ISSN: 2229-6158

IJER JAN - FEB 2015  
Available online@www.ijeronline.com 
  
 

117



 

efficiency. Our calculations indicate that the level of energy-saving technology was about 2.6 

times higher in 1987 than in it was in 1973, which is probably induced by the sharp rises in 

the relative price of energy observed in Figure 1. This is consistent with the findings of 

Fukunaga and Osada (2009). They used aggregate and industry-level data on Japan to 

estimate the time-varying biases of technological change. They showed that the biases in 

technical change were energy saving in the 1980s and the gradual switch to energy-using 

technology around the year 2000. 

 

Figure 2: The measured level of energy-saving technology. The initial value is normalized to 

unity. 

 

In Figure 2, the significant improvements in energy efficiency that took place during the 

first two decades may seem more radical than one would usually expect. Note that our 

measured energy-saving technology is a broad concept for energy efficiency. Therefore, it 

includes the improvements in energy efficiency triggered not only by replacing old 

energy-consuming machines with more energy-efficient types but also by the change in the 

industrial structure from one dominated by heavy industries (such as steel and shipbuilding) 

to one dominated by knowledge-intensive industries (such as electronics). Although the latter 

is not directly related to progress in energy-saving technology, it reduces energy use, leading 

to improvements in energy efficiency.  

The increasing trend of technological progress comes to a halt in the late 1980s and levels 

off afterward. One might blame the long-lasting economic depression of the 1990s, well 

known as the “lost decade,” for the stagnation in the technological progress. However, since 
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any resurgence in energy-saving technology is observed over the period 2002–2008, during 

which a strong economic recovery was achieved, this hypothesis is not well supported by the 

data. A more plausible explanation is that Japan's energy efficiency may have reached some 

kind of upper bound in the late 1980s. In fact, the Agency for Natural Resources and Energy 

(2012) shows that, in 1990, the primary energy supply relative to real GDP was 2.6 in the 

United States and 2.3 in the European Union (27 countries) in comparison with 1.0 in Japan.  

 

Variables 1970-79 1980-89 1990-99 2000-13 1970-2013

TFP 2.24% 3.85% 0.97% 1.88% 2.34%

Purified TFP 2.18% 2.53% 0.77% 1.62% 1.91%

Energy-saving technology 4.47% 4.64% 0.80% 0.25% 2.21%  

Table1: Average annual growth rates of TFP, purified TFP, and energy-saving technology in 

Japan.  

 

Table 1 summarizes the average annual growth rates of TFP, purified TFP, and 

energy-saving technology in each period. As shown in Figure 2, the growth in energy-saving 

technology in the 1970s and 1980s was substantial; the average annual growth rates of 

energy-saving technology were 4.47% and 4.64% in the 1970s and 1980s, respectively. These 

improvements in energy-saving technology partially account for the growth of TFP, resulting 

in a lower rate of growth in purified TFP. For example, the growth rate of TFP in the 1980s 

was 3.85%, whereas that of purified TFP was only 2.53%. Overall, the average annual 

growth rate of TFP over the period 1970–2013 was 2.34%, whereas the purified TFP growth 

rate was only 1.91%. This suggests that about  of the 

TFP improvements in this period was attributable to energy-saving technological progress.  

 

4. CONCLUSION 

In this paper, the energy-saving technological change following the energy price shocks in 

the 1970s is measured for Japan by applying “business cycle accounting” methodology. The 

calculated energy-saving technology appears to have strongly responded to the surge in the 

relative price of energy, although its rapid growth shows a kink in the late 1980s.  

Its implication to measured TFP was also investigated. According to our calculations, the 

progress of energy-saving technology accounted for about 18.4% of the growth in TFP over 

the period 1970–2013 and the purified TFP still steadily grew at an annual rate of 1.91%. On 

one hand, these findings indicate that a large part of productivity growth in Japan was neutral 

(not energy-saving). On the other hand, they also suggest that the high productivity growth 

observed in the 1980s needs to be considered in a cautious manner, given the rapid progress 

in energy-saving technology. 
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Appendix: Data construction 

 (Energy) 

In this paper, the energy-related variables are  and , i.e., real energy use and relative 

price of energy, respectively. The data source for these variables is the “Trade Statistics of 

Japan” published by the Ministry of Finance. Although the “General Energy Supply and 

Demand Balance” published by the Agency for Natural Resources and Energy has more 

detailed information (such as what percentage of the total domestic supply of primary energy 

comes from nuclear power generation), the “Trade Statistics of Japan” is used since it 

provides data on energy prices that are essential to measure the level of energy-saving 

technology. 

The energy-related variables are constructed based on the methodology developed by 

Atkeson and Kehoe (1999). Real energy use  at time t is calculated as follows: 

, (7) 

where i denotes the type of energy. In the analysis here, there are four types of energy: 

petroleum, coal, liquid natural gas, and nuclear power generation.  is the price of type i 

energy in the base year 2005. Note that  is the CIF (cost, insurance, and freight) price 

converted into Japanese yen, so that exchange rate changes are already taken into account. 

 is the quantity of imported type i energy in year t. 

Nuclear power generation is also included into the definition of energy use. Ignoring the 

nuclear power would cause an upward bias for our measured energy-saving technology since 

the change in energy composition from fossil fuels to nuclear power generation can be 

Takeshi Niizek ,Int.J.Eco. Res., 2015, v6i1, 112  - 123  ISSN: 2229-6158

IJER JAN - FEB 2015  
Available online@www.ijeronline.com 
  
 

121



 

interpreted as spurious energy-saving technological progress. However, the inclusion of 

nuclear power generation comes at a cost; it is difficult to construct an appropriate price data 

for nuclear power. For the sake of brevity, it is assumed that the use of nominal and real 

nuclear power is obtained by the fossil fuels use multiplied by the ratio of the energy supply 

by nuclear power generation to the energy supply by fossil fuels, calculated by the data from 

the “General Supply and Demand Balance” provided by the Agency for Natural Resources 

and Energy. 

To construct the relative price of energy, the energy price deflator at time t, denoted as 

, is derived as follows: 

. 
(8) 

Then, the relative price of energy, , is constructed by dividing the energy price deflator by 

the GDP deflator (whose base year is also 2005):  

, 
(9) 

where  is the GDP deflator at time t.
6
 

 

(Other variables) 

The total hours worked ( ) is defined as the average weekly hours worked per employed 

person multiplied by the number of employed person. Hours are sourced from the “Monthly 

Labor Survey” published by the Ministry of Health, Labor and Welfare while the number of 

employed persons is derived from the SNA (System of National Accounts) produced by the 

Economic and Social Research Institute, Cabinet Office.  

The gross output ( ) is obtained as , where  is GDP. The capital stock series 

are constructed using the perpetual inventory method. The initial capital stock, , is set 

so that , which is taken from the value in the dataset constructed by 

                                                   
6 One may be concerned about the downward bias generally observed in the Paasche price 
index like Equation (8), especially in the current situation where some years (the beginning of the 
1970s) are distant from the base year (2005). However, since the energy price deflator is also 
divided by another Paasche price index, the GDP deflator, it is believed that the relative price of 
energy does not suffer from the serious bias.  
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Hayashi and Prescott (2002). The series of subsequent values of capital stock is obtained by 

the law of motion for capital stock as follows, 

, (10) 

where  is “Gross capital formation
7
” taken from the SNA and  is set at the conventional 

value for annual data, 0.1. All nominal values are converted into real values by dividing them 

by the GDP deflator.  

We use data from 1968 and 1993 SNA to produce the time-series data from 1970 to 

2013. To resolve the problem that the 1993 SNA is only available from 1980, the 1993 SNA 

is integrated with the 1968 SNA by extending back the former by the annual change in the 

corresponding 1968 SNA series. 

                                                   
7 Since “Gross capital formation” includes the gross fixed capital formation conducted not only by 
private sectors but also by public sectors, the measured capital stock includes social capital. The 
dynamics of energy-saving technology is robust to the exclusion of social capital from the 
definition of capital stock. 
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