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Abstract. This study measured the environmental and energy efficiency of 47 regions 

in Japan for the period 2005–2017, which was before and after the Great East Japan 

Earthquake (GEJE) in March 2011, using the slacks-based measure data envelopment 

analysis model. Our model had comprehensive inputs and outputs: seven inputs (labor, 

capital, coal, oil, gas, renewables, and electricity), one desirable output (gross regional 

product), and four undesirable outputs (CO2, SOx, NOx, and dust). In our results, before 

GEJE, the mean environmental efficiency deteriorated from 0.529 in 2005, 0.518 in 2008, 

0.501 in 2011, and 0.464 in 2014 but improved to 0.527 in 2017. Iwate, Miyagi, and 

Fukushima in the Tohoku region were severely damaged by the earthquake, but these 

areas were inefficient even before the disaster. Tokyo's environmental efficiency 

deteriorated from unity in 2005 and 2008 to 0.839 in 2008 and 0.698 in 2011 and then 

improved back to unity in 2017. We also presented potential reduction ratios for energy 

and undesirable outputs. To examine the determinants of efficiency, we regressed the 

efficiency on influencing factors using the panel Tobit model. Gross regional product per 

capita and tertiary industry share were positively correlated with environmental efficiency. 
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This implies that the development of the service sector is more helpful for transitioning 

to a sustainable society compared with other sectors. 

 

Keywords: Environmental efficiency; Data envelopment analysis; Fukushima nuclear 

disaster; Japan 

 

1 Introduction 

Historically, economies have faced frequently unanticipated events, such as natural 

disasters, financial crises, and pandemics. For instance, COVID-19 recently had an 

irregular and profound impact on the economy. Thus, examining how unanticipated 

events affect environmental performance is crucial to achieving the goals of the Paris 

Agreement in an uncertain world. 

The Great East Japan Earthquake (GEJE) that occurred in March 2011 had a much 

larger scope and scale of damage than those of past large-scale disasters. Furthermore, 

the disaster had a tremendous impact on the Japanese economy, including secondary 

effects such as power supply constraints. Fig.1 shows epicenter of GEJE and ten regions 

in Japan.  
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Fig. 1 Epicenter of GEJE and ten regions in Japan 

 

The first characteristics of this disaster were the size of the affected area and the 

magnitude of the damage. In addition to the damage caused by the massive magnitude 

9.0 earthquake, the massive tsunami it triggered caused extensive and widespread damage. 

The second is that the economic impact of the earthquake was widespread beyond the 

affected areas because of power supply constraints and supply chain disruptions. The 

tsunami damaged nuclear power plants and other facilities, significantly reducing the 

electricity supply capacity not only in the affected areas but also in a wide area of eastern 

Japan. These power supply constraints have made it impossible for households and 

businesses to meet their electricity needs as in the past, which has naturally led to a decline 

in economic activity. 

The third is that supplies have become increasingly fragmented and interdependent 

because of the optimization of company locations and inventory management in recent 

years. The earthquake caused factories located in the affected areas to shut down; thus, 
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the supply of certain products was disrupted, leading to the shutdown of factories in Japan 

and some overseas locations. This may have reduced the emissions of hazardous 

substances and improved the environment. 

The impacts of GEJE on the economy–environment nexus should be examined to 

prepare for future natural disasters. Therefore, this paper attempts to quantitatively 

evaluate the impact of an earthquake on the environment using environment-related data 

from before and after the disaster. The last one is the impact of the earthquake on 

environmental aspects. The earthquake caused a slowdown in economic activity and a 

decrease in the use of energy and resources. Meanwhile, the shutdown of nuclear power 

plants has increased the share of thermal power generation. Our research questions are as 

follows: 

1. How did environmental efficiencies in Japanese regions change before and after 

GEJE? 

2. How did GEJE impact environmental efficiencies in the affected regions? 

3. How did GEJE impact environmental efficiencies in areas outside the affected 

regions through direct and indirect economic influences? 

4. How did potential reductions in energy consumption and pollutants in the affected 

areas vary between predisaster and postdisaster periods? 

5. What were the determinants of environmental efficiency? 

To examine the above questions, we employed a slacks-based measure (SBM) data 

envelopment analysis (DEA) model with undesirable outputs to evaluate the 

environmental efficiency of 47 prefectures in Japan. To comprehensively understand 

environmental impacts, we incorporated seven inputs (labor, capital, coal, oil, gas, 

renewables, and electricity), one desirable output (gross regional product [GRP]), and 
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four undesirable outputs (CO2, SOx, NOx, and dust). 

The rest of the paper is organized as follows. Section 2 provides a review of the related 

empirical literature. Section 3 provides the theoretical foundation of our study. Section 4 

describes the research methodology and data. Section 5 presents the research findings and 

a discussion of the main results. Section 6 presents the conclusion. 

2 Literature review 

The economic and human damage caused by natural disasters and their relevance have 

long been studied (Noy, 2009; Hosoya, 2016, 2019; Evgenidis et al., 2021; Taghizadeh-

Hesary et al., 2021). Earlier studies, such as that of Taghizadeh-Hesary et al. (2021), 

assessed the economic impacts of natural disasters and ways to enhance resilience in the 

face of damage. The relationship between disasters and economic performance has been 

studied from various perspectives, including shock spillovers, disaster resilience, and 

reconstruction. However, unlike previous studies, this study examines economic 

performance with environmental considerations. 

GEJE has been investigated from various aspects, including resilience (Oliva and 

Lazzeretti, 2018), carbon emissions (Cho et al., 2016; Long et al., 2021), and economic 

impacts (Tokui et al., 2017; Carvalho et al., 2021). Tokui et al. (2017) indicated that 

production losses due to supply chain disruptions were 0.35% of Japan's GDP using a 

unique interregional input–output table. Meanwhile, Carvalho et al. (2021) studied the 

disruptions of GEJE and found that it resulted in a 0.47% decline in Japan's real GDP 

growth. 

The Fukushima Daiichi Nuclear Power Plant accident and the subsequent power plant 

shutdown contributed significantly to the restructuring of Japan's energy infrastructure 
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through the increased use of thermal power to compensate for shortages. Additionally, the 

introduction of the Feed-in-Tariff Policy helped bolster the promotion of renewable 

energy sources. Consequently, GEJE has had a profound impact on Japan's energy 

landscape. The total fossil fuel use in Fukushima Prefecture increased mainly because of 

changes in electricity generation (Cong et al., 2022). Japan's power generation sector 

faced supply shortages in the immediate aftermath of GEJE and the challenge of fossil 

fuel dependence in the medium term (Huenteler et al., 2012). 

The environmental impacts of GEJE and their economic impacts have been examined. 

For instance, Cho et al. (2016) predicted that GEJE caused 4.3 million metric tons (0.26% 

higher) of additional CO2 emissions in 2011, where a 23.8-million-metric-ton increase in 

CO2 emissions (1.43% higher) due to the substitution of fossil fuels for nuclear power 

was partially offset by a 19.5-million-metric-ton decrease in CO2 emissions (1.17% 

lower) due to lower electricity consumption. Meanwhile, Long et al. (2021) showed that 

the driver of carbon emissions varied across regions using the logarithmic mean Divisia 

index. They found that the main driver was the expanding coal use in the Kyushu, Kansai, 

and Chubu regions, whereas it was the changing industrial structures in the Kansai and 

Kanto regions. 

The earthquake also had a major impact on energy security of Japan and world 

(Hayashi and Hughes, 2013ab; Hong et al., 2013). Hong et al. (2013) evaluated Japan's 

energy options using multicriteria decision-making analysis and concluded that “a 

nuclear-free pathway for Japan is the worst option to pursue.” However, beyond the scope 

of this paper, restarting nuclear power plants is politically difficult. Considering current 

circumstances, improving environmental and energy efficiency is a crucial policy concern 

for Japan to not only enhance the ecology but also bolster energy security. 
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What is needed to achieve a sustainable society is to produce more output with fewer 

negative externalities and less polluting emissions. In this regard, DEA has been widely 

used to measure the environmental performance of countries, regions, and firms (Chung 

et al., 1997; Zaim and Taskin, 2000; Zaim, 2004; Honma and Hu, 2008, 2009; Halkos and 

Tzeremes, 2009; Zhang et al., 2016; Matsumoto et al., 2020). In particular, the undesirable 

outputs SBM DEA models have been widely applied for measuring environment- and 

energy-related efficiency in various countries, regions, and firms (Bi et al., 2014, 2015; 

Chang et al., 2013; Chin and Low, 2010; Choi et al., 2012; Iram et al., 2020; Li and Hu, 

2012; Song et al.,2015; Taleb, 2023; Zhang and Choi, 2023; Zhang et al., 2015). Table 1 

summarizes relevant previous studies on Japan. For instance, Goto et al. (2014) proposed 

three types of efficiency measures: operational efficiency, unified efficiency under natural 

disposability, and unified efficiency under natural and managerial disposability. They 

evaluated the manufacturing and nonmanufacturing industries of 47 prefectures in Japan 

in 2002, 2005, and 2008. The desirable and undesirable outputs used in their model were 

the same as ours; however, their sampling period was before GEJE. They found that the 

Porter hypothesis was valid in Japanese industrial sectors; that is, environmental 

regulations contribute to improving the performance of Japanese industrial sectors. 

Furthermore, they showed that the main cause of inefficiency was the emission of 

greenhouse gases in both industries. Meanwhile, Fukuyama et al. (2020) also measured 

the energy and environmental efficiency of 47 prefectures from 2001 to 2014, 

incorporating aggregate well-being. They showed that network capacity utilization 

inefficiency increased from 2013 to 2014 because of GEJE. Honma et al. (2023) measured 

the total factor CO2 emission performance of the metal industry, which consisted of iron 

and steel, nonferrous metal, and metal processing industries, in 39 Japanese prefectures 
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from 2008 to 2019. Otsuka (2023) measured the efficiency of industrial electricity 

consumption for a period using stochastic frontier analysis. He found that GEJE had a 

structural effect on improving the efficiency of electricity consumption. This result could 

be attributed to the power-saving behavior of companies due to power shortages after 

GEJE. 

GEJE also influenced the efficiency of aspects other than the local economy. Suzuki 

et al. (2015) demonstrated that all ten major power generation companies in the area 

experienced a decline in efficiency from 2010 to 2011. This was due to increased fuel 

costs, which were compensated for by the electricity shortage caused by the shutdown of 

nuclear power plants. 

Disasters not only impact the local economy but also produce significant quantities 

of waste. In this regard, Sasao (2016) investigated the cost and efficiency of disaster waste 

disposal caused by GEJE in 22 damaged municipalities. The number of temporary 

incinerators and secondary waste stock served as enhancing factors for disaster waste 

disposal efficiency. However, the disposal of materials was a deteriorating factor for 

efficiency. The efficiency impact of the disaster was not analyzed; however, a greater 

amount of sediment resulting from a tsunami reduced the average disposal cost. 

As mentioned, disasters have significant impacts on both the environment and the 

economy of each region. Goto et al. (2014), like us, comprehensively studied not only 

CO2 but also other pollutants, but their analysis period was before GEJE. To the best of 

our knowledge, no study has comprehensively analyzed the environmental efficiency of 

the 47 prefectures before and after GEJE. Our study fills this gap by measuring 

environmental efficiency for the period and examining the impact of the disaster on 

efficiency and potential reductions in energy consumption and pollutants. 
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Table 1 Literature review summary 

Authors Entities/year Main Inputs Main Desirable 

outputs/ 

undesirable 

outputs 

Impact of 

GEJE on 

efficiency 

Method 

Goto et al. 

(2014) 

47 prefectures/ 

2002, 2005, and 

2008 

K, L, and E Y/ 

CO2, SOx, NOx, 

and dust  

Not analyzed DEA 

Suzuki et al. 

(2015) 

10 electrical 

power 

companies/ 

2010–2011 

Expenditure Electricity 

generated/ 

CO2 

− DEA 

Sasao (2016) 22 

municipalities 

Cost, L Four types of 

waste 

Not analyzed DEA 

Fukuyama et 

al. (2020) 

47 prefectures/ 

2001 and 2014 

K, L, and E Y/ 

CO2 and ICWI 

− DEA 

Honma et al. 

(2023) 

39 prefectures/ 

2008 to 2019 

K, L, and E Y/ 

CO2 

− SFA 

Otsuka (2023) 1990 to 2015 Electricity 

consumption 

Y + SFA 

Note: K, capital; L, labor; E, energy; Y, gross regional product; ICWI, integrated 

composite well-being indicator; CO2, carbon emissions; +, improved efficiency; −, 

deteriorated efficiency; DEA, data envelopment analysis; SFA, stochastic frontier 

analysis. The four types of waste in Sasao (2016) were tsunami sediments, recycled 

sediments, disaster waste, and recycled waste. 

 

3 Theoretical foundation 

We constructed a simple theoretical model to conceptually present how disasters 

affect environmental efficiency. 

We assumed the following production function: 

𝑌 = 𝐹(𝐾, 𝐿, 𝐸, 𝑁) (1)  

where 𝑌 is the industry's total production, 𝐾 is the capital input, 𝐿 is the labor input, 
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𝐸 is the fossil energy, and 𝑁 is the nonfossil energy, which typically comprises 

renewable and nuclear electricity. We assumed 𝐹𝐼 > 0 and 𝐹𝐼𝐼 < 0 for all 𝐼 =

𝐾, 𝐿, 𝐸, 𝑁 as a usual manner. The industry's profit is given by 

Max 𝛱 = 𝑃𝑌𝑌 − 𝑟𝐾 − 𝑤𝐿 − (𝑃𝐸 + 𝑡)𝐸 − 𝑃𝑁𝑁   (2) 

where 𝛱 denotes the industry's profit, 𝑃𝑌 is the price of the product, 𝑟 is the rental 

price of capital, 𝑤 is the wage rate, 𝑃𝐸  is the price of fossil energy, 𝑡 is the carbon tax 

rate for fossil energy, and 𝑃𝑁 is the price of nonfossil energy. A representative household 

has utility, which is a function of good consumption 𝑌  and leisure 𝑆 = 𝐿̅ − 𝐿 . For 

simplicity, the number of households was assumed to be unity. Hence, the household 

solves the following constrained maximization problem, where environmental damage 

𝐷 = 𝑔(𝐸) is as given: 

Max 𝑈(𝑌, 𝐿̅ − 𝐿) − 𝐷 

s.t. 𝑃𝑌 = 𝑤𝐿 + 𝑡𝐸    (3) 

where 𝐿̅  denotes the endowment of labor. We assumed 𝑈𝐽 > 0  and 𝑈𝐽𝐽 < 0  for 

𝐽 = 𝑌, 𝑆 as a usual manner. Assuming the number of households as unity, the carbon 

tax revenue returned to the household is simply reduced to 𝑡𝐸. Assuming interior 

solutions, there exists the factor demand (𝐾(𝑡), 𝐿(𝑡), 𝐸(𝑡), 𝑁(𝑡)), labor supply 𝐿𝑆(𝑡), 

and output given by 𝑌(𝑡) = 𝐹(𝐾(𝑡), 𝐿(𝑡), 𝐸(𝑡), 𝑁(𝑡) at the equilibrium for a given 𝑡1. 

Hence, the corresponding profit 𝛱(𝑡) and indirect utility 𝑉(𝑡) are obtained. 

The government maximizes the following social welfare: 

max
𝑡

𝑊(𝑡) = 𝛱(t) + 𝑉(𝑡).    (4) 

Assuming an interior solution, the optimal tax rate 𝑡∗ stipulates the optimal production 

factors (𝐾∗, 𝐿∗, 𝐸∗, 𝑁∗) = (𝐾(𝑡∗), 𝐿(𝑡∗), 𝐸(𝑡∗), 𝑁(𝑡∗)), and the optimal output is given 

 
1 We omit describing the price mechanisms in the factor markets. 
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by 𝑌∗ = 𝐹(𝐾∗, 𝐿∗, 𝐸∗, 𝑁∗). 

 

If a natural disaster occurs, resource constraints of production factors arise, and the 

production factors then deviate from the optimum. 

Fig. 2 illustrates the impact of the earthquake on the economy through various 

channels. As the nuclear power plant was shut down in GEJE, suppose that the nonfossil 

energy was reduced by 𝛥𝑁 < 0 , where 𝛥  denotes the change in the variable. 

Substituting fossil and nonfossil energies, fossil energy should increase and be put at 

𝛥𝐸 > 0. Assuming that the carbon tax rate was fixed, the change in social welfare could 

be decomposed into the following: 

𝛥𝑊 = (𝐹𝐾𝛥𝐾 + 𝐹𝐿𝛥𝐿) + 𝐹𝑁𝛥𝑁 + (𝐹𝐸 − 𝐷′(𝐸))𝛥𝐸 + 𝑈𝑌𝛥𝑌 − 𝑈𝐿𝛥𝐿 (5) 

 

Except for 𝑈𝐿𝛥𝐿, which is less important for our study, all terms on the right-hand side 

of (5) are negative. For the direct and indirect effects of nonenergy input fluctuation 

𝐹𝐾𝛥𝐾 + 𝐹𝐿𝛥𝐿 the earthquake brought about both direct and indirect impacts, leading to 

a loss of capital and human suffering, affecting the supply chain, and rendering 

intermediate goods unavailable. Note that such impacts can extend beyond the Tohoku 

and Kanto areas. The energy shortage effect 𝐹𝑁𝛥𝑁 means electricity shortage due to the 

shutdown of nuclear power plants. The increase in the thermal power generation effect 

(𝐹𝐸 − 𝐷′(𝐸))𝛥𝐸  would take a large negative value. This effect would be somewhat 

mitigated by the increase in renewable energy due to the introduction of the FIT in the 

year following the earthquake. The decrease in consumption effect 𝑈𝑌𝛥𝑌  and the 

Direct and indirect effects of 

nonenergy input fluctuation 

Energy 

shortage 

effect 

Increase in 

thermal power 

generation  

Decrease in 

the 

consumption 

effect 

Decrease 

in the 

labor 

supply 

effect 
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decrease in labor supply effect 𝑈𝐿𝛥𝐿 are also caused by disasters; however, they are 

beyond our concern. 

The impact of the disaster can be expressed as the ratio 𝛥𝑊/𝑊(𝑡∗) . The DEA 

technique provides the deteriorated efficiency value 1 − 𝛥𝑊/𝑊(𝑡∗)  caused by the 

disaster. 
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Fig. 2 Channels of the impact of GEJE
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4 Methodology and data 

4.1 Methodology 

In this study, we evaluated the environmental efficiency of 47 prefectures in Japan 

using the SBM model with undesirable outputs proposed by Cooper et al. (2007). The 

inputs and desirable and undesirable outputs of a decision-making unit (DMU) i are given 

by 𝒙𝑖 = (𝑥1𝑖,⋯𝑥𝑛𝑖,)
𝑇 , 𝒚𝑖

𝑔
= (𝑦1𝑖

𝑔
, ⋯ , 𝑦𝑚𝑖

𝑔
)𝑇 , and 𝒚𝑖

𝑏 = (𝑦1𝑖
𝑏 , ⋯ , 𝑦𝑘𝑖

𝑏 )𝑇 . The input, 

desirable outputs, and undesirable output matrices are given by 𝑿 = {𝑥𝑗𝑖} ∈ 𝑹𝑛×𝐼, 𝒀𝑔 =

{𝑦𝑗𝑖
𝑔

} ∈ 𝑹𝑚×𝐼, and 𝒀𝑏 = {𝑦𝑗𝑖
𝑏} ∈ 𝑹𝑘×𝐼, respectively. We assumed 𝑿 > 0, 𝒀𝑔 > 0, and 

𝒀𝑏 > 0. 

The production possibility set is defined as 

𝑃 = {𝒙, 𝒚𝑔, 𝒚𝑏|𝒙 ≥ 𝑋𝝀,𝒚𝑔 ≤ 𝑌𝑔𝝀, 𝒚𝑏 ≥ 𝑌𝑏𝝀, 𝐿 ≤ 𝒆𝝀 ≤ 𝑈, 𝝀 ≥ 𝟎} (6) 

where 𝒆 = (1, ⋯ ,1), 𝐿(0 ≤ 𝐿 ≤ 1) and 𝑈(𝑈 ≥ 1). We assumed that a variable 

returns to scale technology, so 𝐿 = 𝑈 = 1. 

The fractional programming problem solved by the SBM DEA model with 

undesirable outputs is as follows: 

min 𝜌𝑖 =
1−

1

𝑛
∑

𝑠𝑗
−

𝑥𝑗𝑖

𝑛
𝑗=1

1+
1

𝑚+𝑘
(∑

𝑠
𝑗
𝑔

𝑦
𝑗𝑖
𝑔

𝑚
𝑗=1 +∑

𝑠𝑗
𝑏

𝑦𝑗𝑖
𝑏

𝑘
𝑗=1 )

 

s.t. 𝒙𝑖 = 𝑋𝝀 + 𝒔− 

𝒚𝑖
𝑔

= 𝑌𝑔𝝀 − 𝒔𝑔 

                   𝒚𝑖
𝑏 = 𝑌𝑏𝝀 + 𝒔𝑏  

                   𝒆𝝀 = 𝟏 

                  𝒔−, 𝒔𝑔, 𝒔𝑏 , 𝝀 ≥ 𝟎 

(7) 
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where 𝒔− ∈ 𝑅𝑛, 𝒔𝑔 ∈ 𝑅𝑚, and 𝒔𝑏 ∈ 𝑅𝑘 are slacks for excess input, shortage of 

desirable outputs, and excess of undesirable outputs, respectively. We also 

calculated the economic efficiency without undesirable outputs (Tone, 2001). 

 

min 𝜎𝑖 =
1−

1

𝑛
∑

𝑠𝑗
−

𝑥𝑗𝑖

𝑛
𝑗=1

1+
1

𝑚
∑

𝑠
𝑗
𝑔

𝑦
𝑗𝑖
𝑔

𝑚
𝑗=1

 

s.t. 𝒙𝑖 = 𝑋𝝀 + 𝒔− 

  𝒚𝑖
𝑔

= 𝑌𝑔𝝀 − 𝒔𝑔  

                   𝒆𝝀 = 𝟏 

                    𝒔−, 𝒔𝑔 , 𝝀 ≥ 𝟎.     (8) 

The efficiency change before and after GEJE is crucial for our study. To measure 

the efficiency of cross-sectional and time-varying data, we applied the window 

analysis technique introduced by Charnes and Cooper (1984). We chose a window 

width of three, that is, for our triennial data sets, 2005, 2008, 2011, 2014, and 2017, 

region i of 2005 was evaluated in the 2005–2008 set, region i of 2008 was evaluated 

in the 2005–2008–2011 set, and region i of 2017 DMU was evaluated in the 2014–

2017 set. The Malmquist productivity index was also applied to panel data. 

However, it could not fully capture technological progress because desirable and 

undesirable outputs include technical heterogeneity (Wu et al., 2020). Hence, 

window analysis is widely used as a stable technique in efficiency studies (Halkos 

and Tzeremes, 2009; Zhang et al., 2011; Yang et al., 2018a, 2018b; Zhu et al., 2019; 

Wu et al., 2020). 

To examine the determinants of efficiency, we regressed the environmental 

efficiency using the panel Tobit model: 



16 

 

𝜌𝑖𝑡 = 𝛃𝒁 + 𝜖𝑖𝑡    (9) 

where Z indicates the vector of the efficiency determinants, i indicates the prefecture 

ID, and t indicates the year. 

 

4.2 Data 

Data on real GRP and labor were taken from the Prefectural Economic 

Accounts. Capital Stock, R-JIP2021 corrected the capital stock from the calendar 

year presentation to the year presentation at 0.75𝐾𝑡 + 0.25𝐾𝑡+1 at the 2011 prices 

in million yen. CO2 emissions were obtained from the Ministry of the Environment. 

For consistency with the economic and air pollution data, totals for the industrial, 

commercial, and freight transportation sectors were used (excluding the residential 

sector). Data on NOx, SOx, and soot were obtained from the Ministry of the 

Environment's Comprehensive Survey of Air Pollutant Emissions. This survey is 

conducted every 3 years and covers air pollution from fixed emission sources, such 

as factories and thermal power plants (mobile emission sources are not covered). 

 

5 Empirical results 

5.1 Environmental and economic efficiency results 

Fig. 3 presents the changes in GDP, CO2, SOx, NOx, dust, and environmental and 

economic efficiencies in the sample period. Note that the global financial crisis occurred 

in 2007–2008 and GEJE occurred on March 11, 2011. The national GDP slightly 

increased from 2014 to 2017 partly due to reconstruction demand; however, CO2 

decreased partly due to the diffusion of renewable energy through feed-in tariffs 



17 

 

(Kharecha and Sato, 2019). Note that the emission numbers of the three air pollutants, 

SOx, NOx, and dust, showed downward trends. This may have also contributed to 

improving environmental efficiency. 

The environmental and economic efficiencies decreased in 2014 and then increased in 

2017. Before GEJE, the mean environmental efficiency deteriorated from 0.529 in 2005, 

0.518 in 2008, 0.501 in 2011, and 0.464 in 2014 but improved to 0.527 in 2017. The 

economic efficiency showed the same trend as 0.621 in 2005, 0.605 in 2008, 0.603 in 

2011, 0.562 in 2014, and 0.622 in 2017. 

Note: Except for environmental and economic efficiencies, FY2005 = 100. 

Fig. 3 Changes in GDP, CO2, SOx, NOx, dust, and environmental and economic 

efficiencies 
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Fig. 4 shows the scatter plot of the environmental and economic efficiencies in 2005, 

2008, 2011, 2014, and 2017. The two efficiencies were highly correlated, with a 

correlation coefficient of 0.982. Some prefectures achieved environmental efficiency but 

were economically inefficient in some years. 

 

 

Fig. 4 Scatter plot of environmental and economic efficiencies in 2005, 2008, 2011, 

2014, and 2017  

Fig. 5 presents the environmental and economic efficiencies of 47 Japanese 

prefectures during the sample period. For almost all prefectures, both efficiencies showed 

the same pattern. Iwate (03), Miyagi (04), and Fukushima (07) in the Tohoku region were 

severely damaged by the earthquake, but these areas were inefficient even before the 

disaster. Yamanashi (19), Nara,(29), Tottori (31), Shimane (32), Tokushima (36), Kouchi 

(39), and Okinawa (47) were almost consistently highly efficient with respect to both 
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environmental and economic efficiencies. Tokyo's 13) environmental efficiency 

deteriorated from unity in 2005 and 2008 to 0.839 in 2008 and 0.698 in 2011 and then 

improved back to unity in 2017.See the Appendix for potential reduction rates for each 

fossil fuel and pollutant. 

 

To investigate the determinants of environmental efficiency, we regressed them on 

GRP per capita, tertiary industry share, and population density using the panel Tobit 

model. Table 2 presents the estimation results. Among the three variables, GRP per capita 

and tertiary industry share were statistically significant in models 4 and 7, implying that 

they positively correlated with environmental efficiency. In the fixed effects model, a 1% 

increase in per capita income and tertiary industry share increases environmental 

efficiency by 0.894% and 1.153%, respectively.This implies that economic growth and 

development of the service industry lead to a sustainable society. The negative 

coefficients of the 2011 and 2014-year dummies suggest that GEJE and its aftermath 

deteriorated Japan's environmental performance during those periods. 
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Fig. 5 Environmental and economic efficiencies of ten regions in 2005, 2008, 2011, 

2014, and 2017. 
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Table 2 Empirical results of environmental efficiency determinants 

Model Panel Tobit Fixed effects Random effects 

Log of GRP per capita 0.506 0.894** 0.435* 

  [0.335] [0.355] [0.231] 

Tertiary industry share 1.101 1.153* 1.006** 

  [0.699] [0.687] [0.454] 

Log of population density −0.087 0.158 −0.074 

  [0.063] [0.365] [0.055] 

Constant −3.776 −8.688** −3.260* 

  [2.891] [4.317] [1.875] 

2008Dummy 0.025 0.026 0.027 

  [0.037] [0.036] [0.032] 

2011Dummy −0.003 0 0.007 

  [0.036] [0.032] [0.026] 

2014Dummy −0.044 −0.045 −0.033 

  [0.044] [0.038] [0.035] 

2017Dummy 0.011 −0.021 0.013 

  [0.036] [0.036] [0.027] 

Log-likelihood 55.942     

R2       

N 235 235 235 

Note: Standard errors for the panel Tobit model were estimated from bootstrapping with 

50 replications. 

 

6 Concluding remarks 

Natural disasters considerably affect not only economic activities but also 

environmental performance. From the viewpoint of resilience, the extent to which 

catastrophes disrupt and restore the relationship between the economy and the 

environment is a question to be explored. 
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In this study, we measured the environmental efficiency of 47 regions in Japan for the 

period 2005–2017, which was before and after GEJE in March 2011, using the SBM DEA 

model. One of the features of our model was that it included comprehensive inputs and 

outputs: seven inputs (labor, capital, coal, oil, gas, renewables, and electricity), one 

desirable output (GRP), and four undesirable outputs (CO2, SOx, NOx, and dust). Our 

empirical results showed that the mean environmental efficiency deteriorated from 0.529 

in 2005 to 0.464 in 2014 after GEJE in 2011 but improved to 0.527 in 2017. Iwate, Miyagi, 

and Fukushima in the Tohoku region were severely damaged by the earthquake, but these 

areas were inefficient even before the disaster. Tokyo's environmental efficiency 

deteriorated from unity in 2005 and 2008 to 0.839 in 2008 and 0.698 in 2011 and then 

improved back to unity in 2017. We also presented PRRs for energy and undesirable 

outputs. 

To examine the determinants of efficiency, we regressed the efficiency on influencing 

factors using the panel Tobit model. GRP per capita and tertiary industry share were 

positively correlated with environmental efficiency. This implies that economic growth 

and development of the service industry lead to a sustainable society. 
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