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Figure 2. Present value of the expected energy cost for different EPCs. The figure shows the present
value of the expected energy cost for a 40 m2 apartment in 2009 and 2014 for different EPC grades in
Norwegian kroner (NOK). (NOK 1 = €0.11 (per 31.12.2014)).

Table 5. Expected price premium per m2 from different EPCs in 2014 in NOK.

B 321
C 763 442
D 1445 1124 682
E 2168 1846 1405 723
F 3211 2890 2449 1766 1044
G 4416 4094 3653 2970 2248 1204

A B C D E F G

Table 6. Expected price premium per m2 from different EPCs in 2009 in NOK.

B 236
C 561 325
D 1064 827 502
E 1596 1359 1034 532
F 2364 2128 1802 1300 768
G 3250 3014 2689 2187 1655 886

A B C D E F G

The difference between the expected and actual value added is interesting. First, for 2014, we
find that the actual value added (Table 7) is higher than the expected price premium (Table 5). This
implies that dwellings with better energy labels receive a higher premium than can be explained by
the energy costs; that is, a value added beyond the cost savings expected from a more energy-efficient
dwelling. The pattern is confirmed in the 2009 tables (Tables 7 and 8). This means that, even before the
energy labels were available to buyers, there was a price premium beyond what could be explained by
the energy cost. However, these results are dependent on the rate of discount and sensitivity analysis
shows that if the rate of discount in 2014 was set at 4%, the difference between the actual and expected
price premium is much lower.
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Table 7. Estimated (actual) price premium per m2 from different EPCs in 2014 in NOK.

B

C 2715
D 5667 2952 (4%)
E 11,486 8771 (12%) 5819 (8%)
F 12,229 9514 (13%) 6562 (9%) 743
G 8203 5488 2536 –3283 –4026

A B C D E F G

Table 8. Estimated (actual) price premium per m2 from different EPCs in 2009 in NOK.

B

C 8456
D 9182 726 (1%)
E 12,714 4258 (9%) 3531 (7%)
F 14,132 5676 (12%) 4950 (11%) 1418
G 13,048 4593 3866 335 –1084

A B C D E F G

Table 9 presents the results from the hedonic models for the period after the introduction of EPCs
(post-label), Model 1, and before the introduction of labels (pre-label), Model 2. All coefficients have
the expected sign and are significant at the 1% level, except for the two location dummies for the
districts of St. Hanshaugen and Outer Oslo West in Model 2, which are significant at the 5% level. The
most interesting result in this analysis is the present value of the energy cost per square meter, which is
positive and significant at the 1% level in both 2014 and 2009. The difference between the coefficients
is rather small and not significantly different at the 1% level. Note that the 1% confidence intervals
for the 2014 coefficient (0.061–0.119) and the 2009 coefficient (0.029–0.133) overlap significantly. Note
also that the overall results do not change if we substitute the present value of the energy cost per
square meter with the expected energy cost per square meter, or if we look at different dwelling types
separately (these results are not reported in the paper).

Table 9. Energy costs and dwelling prices. Hedonic models, dependent variable: natural logarithm of
transaction prices per m2.

Post-Label
Model 1: 2014

Coef. (Std. Err.)

Pre-Label
Model 2: Before July 2010

Coef. (Std. Err.)

Ln PV energy cost –0.090 *** (0.011) –0.081 *** (0.020)
Age 0.132 *** (0.021) 0.080 *** (0.020)

St. Hanshaugen –0.115 *** (0.026) –0.072 ** (0.034)
Gamle Oslo –0.283 *** (0.027) –0.207 *** (0.033)

Grynerløkka og Sagene –0.249 *** (0.024) –0.140 *** (0.028)
Outer Oslo West –0.198 *** (0.023) –0.078 ** (0.027)
Outer Oslo East –0.502 *** (0.023) –0.368 *** (0.027)

Single-family houses 0.105 *** (0.019) 0.090 *** (0.027)
Townhouses 0.050 *** (0.017) 0.090 *** (0.022)

Semidetached houses 0.087 *** (0.018) 0.070 *** (0.025)
Small –0.125 *** (0.011) –0.078 *** (0.014)

Medium –0.120 *** (0.015) –0.107 *** (0.019)
Large –0.220 *** (0.021) –0.183 *** (0.027)

Constant 12.352 *** (0.143) 12.097 *** (0.026)
Adj R-squared 0.47 0.40

Number of observations 2789 1608

Note: ***, **, signal significance at the 1% and 5%levels, respectively. See Section 3.2 above for variable definitions.
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House prices are in fixed 2014 prices, and every dwelling price is multiplied by the house price
index value for 2014 divided by the house price index value of the year of the transaction. Model 1
hence consists of buildings sold in 2011–2014, in 2014 prices.

4.1. Robustness Check

The nature of the potential causal relationship between energy labels and sales prices is crucial for
our analysis. As a robustness check to test this relationship, we utilize the natural experiment that
took place when the energy labels became mandatory in July 2010. The data allow us to compare the
transaction prices of dwellings sold before and after the introduction of the EPC system in July 2010. If
energy labels affect the sale prices, then two houses sold in, for example, 2008, for approximately the
same price, should have approximately the same price as each other when resold after July 2010 if they
were given the same energy label. On the other hand, if one of them received a higher energy label
than the other, it should, ceteris paribus, have a higher resale price.

4.1.1. The Weighted Repeat Sales Method

The robustness check is performed with the weighted repeat sales method. The following model
is applied [23,24]:

ln(pt
n/ps

n) =
T∑

t=0

γtDt
n + μ

t
n, (6)

where Pt
n is the price at the time of the resale, ps

n is the price of the previous sale, Dt
n is a dummy variable

with the value 1 in the period in which the resale occurs, –1 in the period in which the previous sale
occurs, and 0 otherwise. μt

n is the error term. To account for the possibility that the residual variance
increases with increasing time intervals between sales, we apply the weighted repeat sales (WRS)
method developed in [23].

The data does not contain enough observations before the introduction of the energy performance
certificates in 2010 to create indices for energy label A and energy label B. To remove the house price
trend, we divide the indices with a repeated sales index constructed based on all the dwellings in the
dataset. We use a simple Dickey–Fuller test, to test whether variables are stationary (Table 10). All the
variables have one unit root and are thus differentiated to make them stationary.

Table 10. Dickey–Fuller tests for unit root of all variables.

Variables
Levels First Differences

Test Statistic Critical Value Test Statistic Critical Value

PV energy cost −2.269 −3.000 −3.042 −3.000
C −5.207 −3.000 −6.935 −3.000
D −4.922 −3.000 −8.628 −3.000
E −2.302 −3.000 −5.713 −3.000
F −3.642 −3.000 −5.763 −3.000
G −2.194 −3.000 −4.313 −3.000

Note: The 5% interpolated Dickey–Fuller critical values are used. No lags are included in the test. Ln means that
natural logarithms have been used. C = index with dwellings with energy label C; D = index with dwellings with
energy label D; E = index with dwellings with energy label E; F = index with dwellings with energy label F; and
G = index with dwellings with energy label G.

We use a Durbin Watson test and a Portmanteau test for white noise which shows indication
of autocorrelation AR (1). To reduce the problem of autocorrelation, we apply a Prais–Winsten
regression [25].

Our regression is:
Y′ = β0(1− ρ) +

∑
β jx′ jt +

∑
δ jsjt + ε jt (7)
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where β j is the coefficient for the jth explanatory variable x, δ j is the coefficient for the jth dummy
variable s, and ε jt is the error term. The symbol ′ indicates the transformation of the variables. The
explanatory variable is the present value of the energy cost in the different categories. In addition, we
use a dummy for the time when the energy labeling was made mandatory, from July to December 2010.

4.1.2. Repeat Sales Results

We start to explore the effect of introducing energy labels by constructing price indices for the
different labels and let them all have a value of 100 in the year 2000 (Figure 3). The figure shows some
price variations, but do not indicate a price effect from the energy performance certificates in July 2010.
If energy labeling has the price effect found in the hedonic data, we should expect a kink with an
increasing slope after July 2010 for the most energy efficient energy labels. However, it is difficult to
ascertain any shift taking place in July 2010.

Figure 3. Dwelling price indices in different energy label categories. All of the indices start at 100 in
year 2000 (Note: Fixed house price indices between 2000 and 2014, with trend removed. All indices
start at 100 in 2000. As energy labeling was made mandatory on 1 July 2010, the year 2010 has been
given two data points in the indices, one for January–June and one for July–December. The vertical line
indicates when the energy labeling became mandatory. C = index for dwellings with energy label C;
D = index for dwellings with energy label D; E = index for dwellings with energy label E; F = index for
dwellings with energy label F; and G = index for dwellings with energy label G).

In Table 11 we test for the effect of introducing energy labels controlling for the present value of
the energy cost. The dependent variable is the house price in the different energy label categories, and
where we regress on the main index as well a dummy variable for the second part of 2010, when the
energy label was made mandatory. The adjusted R-squares are all negative, while the Durbin Watson
statistics, transformed after using the Prais–Winsten regression, range from 1.59 to 2.40, which means
that we keep the null hypothesis of zero autocorrelation. (With n = 15 and k = 2, the retained H0 critical
values range from 1.25 to 2.75.) If energy labeling has the price effect found in the post-label hedonic
data, we should expect significant dummy coefficients in Table 11. However, none of the dummies are
significant, nor the present value of energy cost. Hence, despite the strong label effect demonstrated in
the hedonic post-label model (Model 1), just as in the pre-label hedonic regression (Model 2), we find
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no evidence to support the price premium effect. We also find no price effect from the present value of
energy cost.

Table 11. House price under different energy labels.

Ln C Ln D Ln E Ln F Ln G

Dummy 2010
July−Dec −0.001 −0.004 −0.015 0.012 −0.001

PV energy cost 0.000 0.000 0.000 0.000 0.000
Adj. R2 −0.154 −0.079 −0.051 −0.042 −0.138

DW transf. 2.134 1.587 1.797 2.399 1.754

Note: We compare how well the dummy for the period when energy labeling was made mandatory (July–December
2010) together with the PV of energy cost is able to explain the house prices indexes for different energy labels.
Ln C = logarithmic house price index with dwellings with energy label C; Ln D = logarithmic house price index
with dwellings with energy label D; Ln E = logarithmic house price index with dwellings with energy label E;
Ln F = logarithmic house price index with dwellings with energy label F; and Ln G = logarithmic house price index
with dwellings with energy label G. DW transf. refers to the Durbin–Watson statistic, transformed after using the
Prais–Winsten regression.

5. Discussion and Concluding Remarks

The energy performance certificate system was introduced in Europe to provide buyers with
better information about the energy performance of dwellings. In part, the aim of this policy was to
provide better valuations of dwellings when they are sold and to give buyers incentives to purchase
energy-efficient dwellings. Earlier studies in this area have yielded contradictory conclusions. Brounen
and Kok found that there was a significant price premium associated with energy labels in the real
estate market in the Netherlands [4], whereas other studies, such as Murphy, found little or no effect of
energy labels in the same market [6]. The present paper follows up the study by Olaussen et al. of the
Norwegian real estate market [11]. Replicating the hedonic model by Brounen and Kok for Norwegian
data, Olaussen et al. found the same results as Brounen and Kok [4,11]. However, when running a
fixed effect model with data before and after the introduction of energy labels in 2010, they found
that something other than the energy label must explain the apparent price premium. One potential
explanation for this is that the energy efficiency of the dwelling was known to the buyers even before
the labeling system was issued. To test for this, we use the energy price over time to see if the cost of
energy may be the underlying explanation. By controlling for the present value of the expected energy
consumption, we find no evidence of energy costs being important for the energy label premium.

By applying data for energy prices and the rate of discount, and the associated demands for the
different energy label categories, we calculate the expected price premium that dwellings with better
energy labels should achieve compared with similar dwellings with lower energy labels. Then, these
price premiums are compared with the actual price premiums estimated in the hedonic models. The
analyses show that the actual price premiums are much higher than the expected price premiums
based on the energy cost differences. Moreover, we find this difference both before and after the energy
label system was introduced. In addition, we find no significant differences in the actual price premium
before and after the introduction of the energy labels in 2010. The same results are provided by the
robustness check, in which we apply the repeated sales method; that is, we find that the present value
of energy costs has no effect on the price of dwellings.

These results support previous studies that showed that the energy label does not affect the price
of dwellings at the time of sale [11,26,27]. This is in line with the inferences of several survey studies,
which indicate that when people buy a dwelling, they pay considerably less attention to its energy
performance compared with other factors, such as the availability of garden and outdoor space, the
location, the neighborhood, and the size of the property. Hence, there are reasons to believe that, when
energy labels have been associated with price premiums in other studies, this results from factors other
than the energy labels themselves. One explanation for our result may be that the buyers are well
informed about the energy efficiency of the dwellings even without the energy labels and, hence, were
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already well informed before the energy label system was introduced. Another explanation may be
that we have omitted explanatory variables in our models. Potential omitted variables may be the
standard of the dwelling, for example, how recently it was renovated, or different amenities associated
with the building. This explanation is in line with [26–28]. These omitted variables were visible to
buyers before the energy label system was introduced, and it is quite likely that, e.g., the dwelling
standard is closely correlated with the energy efficiency. Hence, it may be that the price premium
associated with the energy label is explained by the standard of the dwelling. However, data regarding
when dwellings have been renovated are not easily accessible. A detailed, in-depth study of potential
omitted variables correlated with EPCs may be a fruitful path for future research.
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Abstract: With the challenge to reach targets of carbon emission reduction at the regional level, it is
necessary to analyze the regional differences and influencing factors on China’s carbon emission
efficiency. Based on statistics from 2005 to 2015, carbon emission efficiency and the differences in
30 provinces of China were rated by the Modified Undesirable Epsilon-based measure (EBM) Data
Envelopment Analysis (DEA) Model. Additionally, we further analyzed the influencing factors of
carbon emission efficiency’s differences in the Tobit model. We found that the overall carbon emission
efficiency was relatively low in China. The level of carbon emission efficiency is the highest in the East
region, followed by the Central and West regions. As for the influencing factors, industrial structure,
external development, and science and technology level had a significant positive relationship with
carbon emission efficiency, whereas government intervention and energy intensity demonstrated a
negative correlation with carbon emission efficiency. The contributions of this paper include two
aspects. First, we used the Modified Undesirable EBM DEA Model, which is more accurate than
traditional methods. Secondly, based on the data’s unit root testing and cointegration, the paper
verified the influencing factors of carbon emission efficiency by the Tobit model, which avoids the
spurious regression. Based on the results, we also provide several policy implications for policymakers
to improve carbon emission efficiency in different regions.

Keywords: carbon emission efficiency; regional differences; influencing factors; the Modified
undesirable EBM DEA model; Tobit model

1. Introduction

Global warming has attracted the attention of politicians and scholars as it has severely affected
the survival and development of human beings. According to the assessment results of the UN
Intergovernmental Panel on Climate Change (IPCC), greenhouse gases, specifically CO2, are the main
cause of global warming [1,2]. Hence, carbon emission reduction has become a consensus by the
international community. As the largest carbon emitter, China has more pressure to reduce its carbon
emission. According to the 2018 BP Statistical Review of World Energy, the average growth rate
per annum of CO2 emission is 3.2% in mainland China from 2006 to 2016. Its CO2 emissions reach
9232.6 million tons in 2017, occupying 27.6 percent of the global emission amount [3]. Based on the
Global Carbon Budget 2016 released by the Global Carbon Project (GCP), the carbon dioxide emissions
per unit economic outputs of China is 0.65 kg CO2 per-year dollars, which is 1.8 times that of the
United States and 2.8 times that of the European Union [4]. Therefore, the carbon dioxide emissions
per unit GDP in China is also higher than that of developed countries.

Energies 2019, 12, 3081; doi:10.3390/en12163081 www.mdpi.com/journal/energies163
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As the carbon emission reduction has become an urgent task, China pledged to reduce carbon
dioxide emissions per unit of GDP at the Copenhagen Climate Change Conference in December
2009 [5,6]. The national government also set up a target of reducing carbon emissions per unit of GDP
by 20% in its thirteenth Five-Year Social and Economic Plan [7]. However, China has relied on an
energy-intensive, heavy, industry-based developmental pattern for decades [8,9]. The path dependence
of its economic structure makes it challenging to achieve this goal, and one suitable solution is to
improve carbon emission efficiency.

However, China is a vast country with many regions, owning multifaceted features in its economic
structure and resource endowment. The national government needs to formulate policies about carbon
emission reduction at the regional level. The evaluation of the regional differences and influencing
factors on the Chinese carbon emission efficiency has attracted the attention of scholars recently.
Wang and Zhou et al. in 2013 found that CO2 emission performance on the provincial was the higher
in southeastern coastal areas but lower in central and western inland regions. They also stated that
their carbon emission performance has increased by different rates after 2001 [10]. Their evidence is
also consistent with the recent finding on the regional low-carbon economic development by Chu and
Geng et al. in 2019. The recent study also showed that the eastern region still had a higher degree of
low-carbon economic development than the central and western regions [11]. Zhong et al. in 2012
also discovered that China’s total-factor carbon emission performance contains significant regional
characteristics, and low carbon emission performance in the central and west regions [12].

Until now, most of the studies have divided Chinese 30 provinces into three areas (East, Central,
and West regions) based on geographical position rather than on economic characteristics, which cannot
accurately reflect the state of regional carbon emission efficiency in China. In 2015, the Development
Research Center of the State Council (DEC) classified Chinese provinces into eight economic regions
(Northern coast, Eastern coast, Southern coast, Northeast, Middle Yellow River, Middle Yangtze
River, Southwest, and Northwest) based on their geographical position, economic development level,
and resource endowment [13]. This paper has chosen to investigate the disparity of carbon emission
efficiency in the above eight economic regions proposed by the DRC.

As for the method to measure the carbon emission efficiency, the Charnes–Cooper–Rhodes
(CCR); Banker, Chames, and Cooper Mode (BCC); or slacks-based measure (SBM) model have been
widely adopted by scholars [14–16]. However, these methods have their advantages as well as
insufficiencies [16–23]. Therefore, we used the Modified Undesirable Epsilon-based measure (EBM)
DEA Model to calculate the carbon emission efficiency to overcome their shortcomings [16,19,23,24].
Based on the analysis of the regional difference in the carbon emission efficiency, we verified the
influencing factors by the Tobit model [25]. This research aims to analyze the regional differences and
influencing factors on China’s carbon emission efficiency from 2005 to 2015, based on the Modified
Undesirable EBM DEA Model and Tobit model.

The basic structure of the rest of the paper is as follows. Section 2 will review the definition,
measurement, and influencing factors of carbon emission efficiency. Section 3 will introduce the
research method. Section 4 will present indicator selection and its data source. Section 5 will analyze
the carbon emission efficiency in eight Chinese regions by the used the Modified Undesirable EBM
DEA Model. Section 6 will adopt a Tobit model to verify the influencing factors of carbon emission
efficiency. Finally, Section 7 will conclude and state the research limitations.

2. Literature Review

In recent years, carbon emission efficiency has become an important research issue in academic
circles, and the main topics cover the definition, measurement, and influencing factors of carbon
emission efficiency.

At present, there is no unified agreement on the definition of carbon emission efficiency by
scholars. The definition of carbon emission efficiency stems from the method of calculation, such as the
single-factor indicator method or total-factor indicator method [6]. The dominant types of single-factor
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indictor method include carbon dioxide emissions per unit of GDP, carbon dioxide emissions per unit
of energy consumption, and carbon dioxide emissions per capita. Specifically, Kaya and Yokobori
first proposed the concept of carbon production efficiency in 1993, which is the ratio of total GDP to
the total amount of carbon emission [26]. Meilnik and Goldembergbet proposed the concept of the
carbonization index in 2009, which is the ratio that the total amount of carbon emission to the total
consumption of energy [27]. Sun (2005) proposed the carbon intensity, which calculates the ratio of CO2

emissions to GDP [28]. Based on the concept of frontier production, the total-factor indicator method
for carbon emission consists of both input and output indicators. Meanwhile, some scholars regarded
carbon emission as an undesirable output indicator to evaluate carbon emission efficiency [29–33].

The main methods of evaluating carbon emission efficiency include parametric and nonparametric
ones. As for the parametric methods, Aigner and Lovell proposed the Stochastic Frontier Approach
(SFA) by using a stochastic frontier production function to evaluate the technical efficiency in 1977 [34].
Later, SFA has become one of the most commonly used parametric methods. The disadvantage of
this parameter method is the requirement for a particular functional form assumption for the frontier.
Thus, possible incorrect functional forms can cause inaccurate results [10,35–39].

As for the nonparametric method, the DEA is a common nonparametric method for evaluating
the relative efficiency of several Decision-Making Units (DMUs). Unlike SFA, DEA is a deterministic
method that also has many advantages, which has the capability of handling multiple inputs and
outputs [14]. In other words, the DEA keeps the input and output of DMUs unchanged by adopting
the effective sample [40]. On the other hand, DEA does not require any specification of the functional
form of the frontier, therefore more scholars use the DEA approach and its various modified modes
to study carbon emission efficiency. These models they adopted can be classified into three types,
radial model, nonradial model, and Directional Distance Function Model (DDFM)s [41].

(A) Radial model, namely CCR or BCC, which are the basic models of the DEA approach proposed
in 1978 and 1984, respectively. After widely application in the literature, these methods have also been
adopted in the Chinese context recently. Wei et al. in 2010 used the CCR model for measuring changes
in total carbon emission efficiency of provinces in China from 1986 to 2008 [42]. Zhong et al., in 2012,
applied BCC model to measure static carbon emission performance of China’s 29 provinces from 1995
to 2009 [12]. However, CCR or BCC model requires that all the inputs change in the same proportion,
which ignores nonradial slacks and is contrary to reality [17,19,23,24].

(B) Nonradial model (SBM). To solve the weakness of CCR or BCC model, Tone proposed a
nonradial Slacks-Based Measure that was able to calculate efficiency with slacks of input and output
variables. SBM has been widely applied to evaluate carbon emissions efficiency and abatement
potential recently. Chu and Geng et al. in 2019 applied the SBM to measure the carbon emission
efficiency in 30 provinces of China from 2005 to 2017 [11]. Some other scholars also have conducted
relevant research using SBM DEA model [21,43,44].

(C) Directional Distance Function Model (DDFM). The DDFM approach was put forward by
Chung et al. (1997), which allows proportional expansion of desirable outputs and shrinking of
undesirable outputs and inputs [41]. Some scholars attempted to apply these models to calculate the
carbon emissions efficiency [45,46].

In addition to the definition and measurement of the carbon emission efficiency, influencing
factors also have attracted academic attention. The common factors adopted include industrial
structure, energy structure, openness, and one of primary research methods is the measurement
method. The widely adopted one is the Economic Measurement Method, which employed both the
spatial econometric model and the nonspatial econometric models. The spatial econometric model
includes Spatial Lag Model (SLM) [47], Spatial Error Model (SEM) [47], and Spatial Durbin Model
(SDM) [48], which are suitable to the case of the DUMs with obvious spatial correlations. For instance,
Chuai et al. in 2012 analyzed the SLM between carbon emissions from energy consumption and their
influencing factors in Chinese regions from 1997 to 2009. They stated that GDP and population are the
two leading factors, which can strengthen the spatial autocorrelation of carbon emissions [49]. Ma and
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Chen et al. in 2015 established the SEM to perform an empirical study on the influence factors of
carbon emissions efficiency by using panel data from 30 provinces from 1998 to 2011. They argued
that the economic scale, industry structure, and energy consumption structure hurt carbon emission
efficiency, while opening-up, enterprise ownership structure, and government intervention play a
positive role in efficiency [50]. Cheng et al. in 2014 applied the SDM to examine the dominating factors
of China’s carbon intensity from energy consumption from 1997 to 2010 [51]. The leading approach of
the nonspatial econometric model is the Tobit model [25], also called the “limited dependent variable
model”, or the “check model”. It considers the trend of continuous variable variation with limited
dependent variables [25,26,52]. Wang at al. in 2019, used the Tobit model to analyze the influencing
factors of carbon emission performance and the technology gap ratio of carbon emission in 30 provinces
in China. They stated that influencing factors have various impacts on the carbon emission efficiency
in the Chinese regions [53]. Some other scholars also investigated the carbon emission efficiency by
using Tobit studies recently [54–56].

The above studies have provided a useful reference for further study on China’s carbon emission
efficiency. However, these studies also have the following limitations. From the perspective of the
calculation method, Radial models, such as the CCR or BCC model, fail to consider the effect of
nonradial slacks on the technical efficiency and cannot realize the factor decomposition in evaluating
the efficiency, which can lead to biased estimation results. For the nonradial SBM-DEA model, the slacks
are not necessarily proportional to the inputs or outputs, and the DUMs can lose the proportionality in
the original inputs or outputs [17,19,23,24].

Based on the above problems, the improvements in this paper are as follows. We used the
nonoriented the Modified Undesirable EBM DEA Model to investigate carbon emission efficiency.
The Modified Undesirable EBM DEA Model is based on the EBM model. Tone introduced an EBM
approach in 2010 to combine the radial model and nonradial model, which is more in line with
reality [23]. As the EBM model cannot solve the problem related to undesirable outputs, Li and Chiu
et al. (2019) extended the EBM model into the Modified Undesirable EBM DEA Model to deal with
them [17,19,24].

3. Research Method

3.1. The Definition of Carbon Emission Efficiency

In a broad sense, carbon emission is an abbreviated concept of greenhouse gas emissions, which
includes CO2 (carbon dioxide), CH4 (methane), N2O (nitrous oxide), HFCs (hydrofluorocarbons),
PFCs (perfluorocarbons), and SF6 (sulfur hexafluoride) [57]. Generally, carbon emission is regarded as
CO2 emission because carbon dioxide in the greenhouse effect is the principal greenhouse gas. As CO2

is also the main greenhouse gas in China, this paper chose the latter definition.
As the single-factor indictor method does not consider the coupling between the various production

factors, it ignores the influence of various factors such as labor force and energy consumption [6].
To improve the evaluation result accuracy, we used the total-factor indicator method. Carbon emission
efficiency is defined as a production system for creating more goods output and less CO2 emissions
while consuming fewer resources, such as labor, energy, and capital.

3.2. The Modified Undesirable EBM DEA Model

Because Tone and Tsutsui’s EBM did not consider any undesirable factors [23], Li and Chiu et al.
combined the EBM DEA and an undesirable factor into the Modified Undesirable EBM DEA
Model [17,19,24]. The paper applies it for the evaluation of the carbon emission efficiency of
30 provinces across mainland Chinese from 2005 to 2015.
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Suppose n DMUk (k = 1,2, . . . , n) and m type inputs Xj (x1j,x2j, . . . , xmj) can produce s type outputs
Yj (y1j,y2j, . . . , ymj). Li and Chiu et al.’s nonoriented, Modified Undesirable EBM DEA Model evaluates
the technical efficiency γ* of DMU (Xo, Yo) by solving the following linear program [17,19,21,23,24].

γ∗ = min
0ϕ,λ,s−,sg,sb

θ−εx∑m
i=1

ω−i s−i
xi0

ϕ+εy
∑s1

i=1
ω+s1

i s
g
i

yi0
+εy

∑s2
i=1

ω−s2
i sb

i
yi0

s.t

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Xλ− θX0 + s− = 0
Ygλ−ϕY0 − sg = 0
Zbλ−ϕY0 − sb = 0
λ1 + · · ·+ λn = 1

λ ≥ 0, s− ≥ 0, sg ≥ 0, sb ≥ 0,ϕ ≥ 1,θ ≤ 1

(1)

where xi0 and yi0 are the ith input and the ith output when calculating the oth DMU, respectively;
si
− stands for the slack variable of input; sg and sb are the slacks of desired output and undesired

output, respectively; and w−i is the weight of input i, which satisfies
∑
ω−1

i = 1
(
∀iω−i ≥ 0

)
. w+s1

i and
w−s2

i indicate the weights of the desired output i and the undesired output i, respectively, which satisfy∑
ω+s1

i +
∑
ω−s2

i = 1
(
∀iω+i ≥ 0

)
. εx represents the combination of radial θ and nonradial slack, and εy

denotes the combination of radial ϕ and nonradial slack. γ*, which is the optimal solution in the
EBM model and stands for the technical efficiency value of the DMU. With the value range between 0
and 1, the DMU is in the efficient state (if γ* = 1) or the nonefficient state (if γ* < 1). An inefficient
DMU can reach the production frontier by reducing inputs and undesirable outputs or expanding
desirable outputs.

3.3. Tobit Model

As defined above, the value of efficiency from the Modified Undesirable EBM DEA Model
falls between the interval 0 and 1, which makes Y a limited dependent variable. If the Ordinary
Least Squares (OLS) model is used to calculate the parameter, estimating results will be biased and
consistent [6,25,40]. We utilized the Tobit regression model (1958) to analyze the influencing factors
of carbon emission efficiency, which can estimate the parameters by using maximum likelihood
estimation [25]. The structural equation of Tobit model was given as

Y∗ = βXi + ui

Yi =

{
Y∗i if Y∗i > 0
0 if Y∗i ≤ 0

(2)

In Equation (2), i stands for the ith DMU. Y* is the latent variable and Yi stands for a limited
dependent variable. Yi is the latent variable, Xi is the explanatory variable, β represents the correlation
coefficient, and u is the random error with the distribution of N(0, σ2). We calculated the regression
coefficients by using maximum likelihood estimation in the Stata12.0 software.

4. Data Source and Indicator Selection

This paper investigated 30 provinces, municipalities, or autonomous regions (except Tibet) in China
from 2005 to 2015. We selected the annual data of capital stock, labor force, and energy consumption as
three inputs according to production processes and the prior research results [6,11,21,43,44]. We treated
gross domestic product (GDP) as a desirable output and CO2 emission as an undesirable output.
The inputs and outputs are explained as follows.

1. Capital stock. The paper estimated the capital stock by using the perpetual inventory method,
defined as follows [58].

Ki,t = Ii,t + (1− δi,t)Ki,t − 1 (3)
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where Ki,t and Ii,t stand for the capital stock and the gross fixed capital formation of the ith
province in the tth year, respectively. δ is the depreciation rate of capital stock, and is set to 9.6%
in accordance with previous studies [59]. The provincial data of capital stock were converted into
the 2005 constant price. The capital stock data of provinces in 2005 was expressed as follows

Captial stock in 2005 =
the gross fixed captial fomation in 2005

10%
(4)

All data of the gross fixed capital formation as well as the price index of fixed-asset investment in
Chinese provinces were from the China Statistical Yearbook (2006–2016).

2. Labor force. The paper adopted the total amount of employees in three industries as the labor
force variable. The data on the provincial level were collected from the statistical yearbook
(2006–2016).

3. Energy consumption. This paper chose the energy consumption of each province as the input
index. The data were collected from China’s Energy Statistical Yearbook (2006–2016).

4. GDP. To diminish the impact of inflation, we convert the provincial GDP into the 2005 constant
price. The data came from the China Statistical Yearbook (2006–2016).

5. CO2 emissions. This paper estimated the CO2 emissions generated by the burning of fossil energy
and the emissions from the process of cement production, which is consistent with the previous
studies [60,61].

This paper calculated the carbon emissions from seven types of fossil energy, such as coal, coke,
gasoline, kerosene diesel, fuel oil, and natural gas referring to the National Greenhouse Gas Emissions
Inventory introduced by IPCC in 2006. The types of the fuels are classified according to the prior
research results [6,8,11,20]. The formula for calculating CO2 emissions from fossil fuels is [62]

CE =
∑7

i=7

(
Ei ×ALCVi ×CCFi ×COFi × 44

12

)
(5)

where CE represents the total CO2 emissions, ALCV stands for the average low calorific value,
CCF denotes the carbon content factor, and COF is carbon oxidation factor. The number (44/12)
represents the ratio of the molecular weight of CO2 (44) to the molecular weight of carbon. The subscript
i stands for the energy source. The data of energy consumption were collected from the China Energy
Statistical Yearbook (2006–2016). The data of the average low-order calorific, carbon content factor,
and carbon oxidation factor were from the China Energy Statistical Yearbook and National Greenhouse
Gas Emission Inventory Guide (2006) [62] and Guidelines for Provincial Greenhouse Gas Inventories
in China (2011) [63], as shown in Table 1.

Table 1. The carbon emission factors of various types of fossil fuels.

Fuel Type Coal Coke Gasoline Kerosene Diesel Fuel Oil Natural Gas

ALCV
(kj/kg) 20,908 28,435 43,070 43,070 42,652 41,816 38,931

CCF
(kg/Tj) 95,333 107,000 70,000 71,500 74,100 77,400 56,100

COF(%) 92.30 92.80 98.60 98.00 98.20 98.50 99.00

The formula for calculating carbon emissions from the process of cement production is

CC = Q× EFC (6)

In Formula (6), CC represents the total amount of CO2 emissions during the process of cement
production, Q stands for the total amount of cement production, and EFC represents the carbon
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emissions emission coefficient of cement production, the value of EFC is 527 kgCO2/t [64]. The all
indicators were listed in Table 2.

Table 2. Carbon emission efficiency measurement index system.

Indicator Type Primary Indicators Secondary Indicators

Input indicator
Capital Capital stock (unit: 100 million yuan)

Labor Total number of employees in three
industries (unit: 10,000)

Energy Total energy consumption (unit:
10,000 tons of standard coal)

Output indicator Desired outcomes GDP (unit: 100 million yuan)
Undesired outcomes CO2 (emissions unit: 104 tons)

5. Analysis of Regional Differences in Carbon Efficiency

5.1. Overall Characteristics of Chinese Carbon Emission Efficiency

The carbon emission efficiencies of 30 provinces of China during the period of 2005 to 2015 were
calculated by Equations (1)–(3). The results are listed in Table 3.

Table 3. Carbon emission efficiency of 30 provinces in China from 2005 to 2015.

Regions 2005 2006 2007 2008 2009 2010

Beijing 1 1 1 1 1 1
Tianjing 0.8580 0.8276 0.8165 0.8083 0.7897 0.8050
Hebei 0.6260 0.5545 0.5517 0.5337 0.5415 0.5603
Shanxi 0.5719 0.4794 0.4806 0.4601 0.4598 0.4779

Inner Mongoria 0.4858 0.4605 0.4672 0.4620 0.4814 0.4984
Liaoning 0.6123 0.5778 0.5754 0.5572 0.5723 0.6046

Jilin 0.6085 0.5731 0.5716 0.5452 0.5433 0.5535
Heilongjiang 1 1 0.6864 0.6563 0.6715 0.6919

Shanghai 1 1 1 1 1 1
Jiangsu 0.8052 0.7765 0.7710 0.7304 0.7319 0.7546

Zhejiang 0.8400 0.8029 0.7874 0.7423 0.7319 0.7622
Anhui 0.6770 0.6056 0.5962 0.5601 0.5706 0.6024
Fujian 0.8219 0.8044 0.7919 0.7459 0.7278 0.7585
Jiangxi 0.6771 0.6282 0.6195 0.5953 0.6026 0.6220

Shandong 0.6444 0.6208 0.6235 0.6001 0.6118 0.6368
Henan 0.6553 0.5852 0.5763 0.5504 0.5511 0.5567
Hubei 0.6484 0.5766 0.5726 0.5622 0.5852 0.6069
Hunan 0.7000 0.6077 0.6006 0.5779 0.6019 0.6287

Guangdong 1 1 1 1 1 1
Guangxi 0.6613 0.6081 0.5975 0.5725 0.5704 0.5569
Hainan 0.8204 0.7686 0.7502 0.6841 0.6761 0.6974

Chongqing 0.5854 0.5670 0.5732 0.5586 0.5835 0.6178
Sichuan 0.6362 0.5655 0.5582 0.5243 0.5494 0.5835
Guizhou 0.4972 0.4089 0.4082 0.3868 0.4142 0.4466
Yunnan 0.5873 0.5052 0.5011 0.4786 0.4940 0.5027
Shaanxi 0.5993 0.5480 0.5409 0.5290 0.5323 0.5355
Gansu 0.5664 0.4806 0.4731 0.4477 0.4767 0.4989

Qinghai 0.4256 0.3845 0.3809 0.3790 0.3951 0.4160
Ningxia 0.3693 0.3311 0.3308 0.3260 0.3386 0.3469
Xinjiang 0.5726 0.5192 0.5147 0.4922 0.5005 0.5093
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Table 3. Cont.

Regions 2005 2006 2007 2008 2009 2010

East 0.8207 0.7939 0.7880 0.7638 0.7621 0.7799
Central 0.6923 0.5944 0.5880 0.5634 0.5732 0.5925

West 0.5442 0.4890 0.4860 0.4688 0.4851 0.5011
China 0.6851 0.6289 0.6239 0.6022 0.6102 0.6277

Regions 2011 2012 2013 2014 2015 mean

Beijing 1 1 1 1 1 1
Tianjing 0.8087 0.8000 1 1 1 0.8649
Hebei 0.5603 0.5382 0.5798 0.5586 0.5424 0.5588
Shanxi 0.4802 0.4593 0.4966 0.4662 0.4388 0.4792

Inner Mongoria 0.4883 0.4595 0.5063 0.4819 0.4820 0.4794
Liaoning 0.6010 0.5680 0.6081 0.5759 0.5701 0.5839

Jilin 0.5435 0.5301 0.5561 0.5343 0.5255 0.5532
Heilongjiang 0.6986 0.6601 0.7093 0.6697 0.6368 0.7073

Shanghai 1 1 1 1 1 1
Jiangsu 0.7330 0.7153 0.7750 0.7736 0.7674 0.7576

Zhejiang 0.7442 0.7295 0.7812 0.7761 0.7650 0.7693
Anhui 0.6139 0.5903 0.6330 0.6256 0.6018 0.6070
Fujian 0.7281 0.7029 0.7603 0.7390 0.7198 0.7546
Jiangxi 0.6264 0.6109 0.6444 0.6458 0.6302 0.6275

Shandong 0.6397 0.6138 0.6782 0.6527 0.6350 0.6324
Henan 0.5528 0.5414 0.5619 0.5407 0.5243 0.5633
Hubei 0.6153 0.5970 0.6525 0.6353 0.6178 0.6063
Hunan 0.6386 0.6200 0.6654 0.6523 0.6337 0.6297

Guangdong 1 1 1 1 1 1
Guangxi 0.5397 0.5117 0.5327 0.5195 0.5077 0.5616
Hainan 0.6644 0.6078 0.6229 0.5868 0.5600 0.6762

Chongqing 0.6405 0.6290 0.7162 0.6967 0.6913 0.6236
Sichuan 0.6162 0.6067 0.6528 0.6438 0.6328 0.5972
Guizhou 0.4655 0.4451 0.4845 0.4717 0.4447 0.4430
Yunnan 0.5013 0.4750 0.5008 0.4775 0.4559 0.4981
Shaanxi 0.5367 0.5156 0.5468 0.5237 0.5192 0.5388
Gansu 0.5112 0.4952 0.5381 0.5266 0.5033 0.5016

Qinghai 0.4163 0.3889 0.3923 0.3582 0.3352 0.3884
Ningxia 0.3430 0.3284 0.3478 0.3203 0.2973 0.3345
Xinjiang 0.5035 0.4655 0.4852 0.4478 0.4218 0.4938

East 0.7709 0.7523 0.8005 0.7875 0.7782 0.7816
Central 0.5962 0.5761 0.6149 0.5962 0.5761 0.5967

West 0.5057 0.4837 0.5185 0.4971 0.4810 0.4964
China 0.6270 0.6068 0.6476 0.6300 0.6153 0.6277

According to Table 3 and Figure 1, the carbon emission efficiency of 30 provinces was generally low
from 2005 to 2015, with an average value of 0.6277. Only 11 provinces (Beijing, Shanghai, Guangdong,
Tianjin, Zhejiang, Jiangsu, Fujian, Heilongjiang, Hainan, Shandong, and Hunan) performed better
than the national average efficiency value. Yunnan, Xinjiang, Inner Mongolia, Shanxi, Guizhou,
Qinghai, and Ningxia owned very low levels of carbon emission efficiency, which all were less than 0.5,
indicating that most provinces still face the challenge of energy saving and emission reduction.
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Figure 1. The schematic diagram of carbon emission efficiency intervals in 30 provinces of China.

5.2. Regional Differences of Carbon Emission Efficiency: East, Central, and West

Figure 2 shows that (1) the eastern regions had the highest level of carbon emission
efficiency—0.7816—followed by the central region (0.5967) and the western region (0.4964). (2) As
for the eastern region, the carbon emission efficiency values for Beijing, Shanghai, and Guangdong in
the eastern zone were 1, which showed that these provinces are the front runners in carbon emission
efficiency and can benchmark for others. The carbon emission efficiency of the eastern provinces’ was
higher than the national average, except Hebei and Liaoning. (3) For the central region, Heilongjiang
had the highest level of carbon emission efficiency (0.7072), which was little below the frontier. Shanxi
had the minimum level of carbon emission efficiency (0.4792), which performed slightly worse than
Hebei (the one with the lowest level in the eastern region). As for the western region, Chongqing had
the highest level of carbon emission efficiency in the region, but its performance was worse than that
of Heilongjiang. Ningxia had the lowest average efficiency in the whole country.

5.3. Regional Differences in Carbon Emission Efficiency: A Comparison of Eight Comprehensive
Economic Regions

In this subsequent analysis, Chinese provinces are divided into eight regions (Figure 3) in line
with the division of the State Council to analyze the regional differences in carbon efficiency further.
The carbon emission efficiency of eight regions is shown in Table 4.
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Figure 2. Carbon emission efficiency in China’s three major economic zones.

 
Figure 3. The schematic diagram of the eight economic zones of China.
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Table 4. Carbon emission efficiency in the Chinese eight regions.

Regions Provinces Value Regions Provinces Value

Northern coast

Beijing 1

Middle Yellow River

Shanxi 0.4792
Tianjin 0.8649 Inner

Mongolia 0.4794Hebei 0.5588
Shandong 0.6324 Henan 0.5633

mean 0.7640 Shaanxi 0.5388
Mean 0.5152

Eastern coast

Shanghai 1

Middle Yangtze River

Anhui 0.6070
Jiangsu 0.7576 Jiangxi 0.6275

Zhejiang 0.7693 Hubei 0.6063
mean 0.8423 Hunan 0.6297

Mean 0.6176

Southern coast

Fujian 0.7546

Southwest

Guangxi 0.5616
Guangdong 1 Chongqing 0.6236

Hainan 0.6762 Sichuan 0.5972
mean 0.8103 Guizhou 0.4430

Yunnan 0.4981
Mean 0.5447

Northeast

Liaoning 0.5839

Northwest

Ningxia 0.5016
Jilin 0.5532 Gansu 0.3884

Heilongjiang 0.7073 Qinghai 0.3345
mean 0.6148 Xinjiang 0.4938

Mean 0.4296

Table 4 shows that (1) from 2005 to 2015, Northern, Eastern, and Southern coastal regions had
a higher level of carbon emission efficiency than other regions, with an average efficiency of 0.7640,
0.8102, and 0.8423, respectively. Northeast and Middle Yangtze River had an average carbon emission
efficiency of 0.6148 and 0.6176, respectively. Middle Yellow River, Southwest, and Northwest kept the
carbon emission efficiency at a low level, and these regions’ average efficiencies were 0.5152, 0.5447,
and 0.4296, respectively. (2) In a comparison of the provinces with the highest efficiency level in every
region, the leading ones in Northern, Eastern, and Southern coastal regions were Beijing, Shanghai,
and Guangdong, all of which are on the production frontier. Heilongjiang had the highest value of
carbon emission efficiency in Northeast, with an average value of 0.7073, which was a little more
than the national average while far below those of Beijing, Shanghai, and Guangdong. The provinces
with higher carbon emission efficiency in the Middle Yangtze River and Southwest were Hunan and
Chongqing. Those provinces’ average values were all smaller than 0.7 and far below the average level
of frontier provinces. The most efficient provinces of Middle Yellow River and Northwest were Henan
and Ningxia, and they held the value of more than 0.5, far from the frontier level. (3) The gap of carbon
emission efficiency in the interior of the Northern coast and Southern coast was more substantial than
other regions. The efficiency of Hebei and Hainan were lower than the average level of Northern and
Southern coasts. The difference in carbon emission efficiency in the interior of the Middle Yangtze
River was the smallest of the eight regions.

Several factors have contributed to these regional differences. First, Northern, Eastern,
and Southern coastal regions are in the eastern part of China, which are the earliest areas exposed to
open-up policy, and are more conducive to the introduction of foreign advanced technology, intelligence,
equipment, experience, and capital. On the one hand, many universities and research institutes in
the coastal regions play a crucial role in innovation activities. On the other hand, coastal regions
own well-established transportation infrastructure, solid industrial foundation, and abundant human
capital, which have attracted the introduction of other production factors from abroad. Therefore,
a high level of production technology in the coastal regions results in high carbon emissions efficiency.
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Second, many provinces in the Northeast and Middle Yangtze River belong to the Central area in
China. The openness, education, and science and technology level of these provinces is lower than
those of the coastal regions. As the old industrial bases in China, the Northeast region’s economic
pillar is heavy industry, which is responsible for much of CO2, SO2, and COD emissions. Driven
by the “Rise of Central China” Strategy (The Rise of Central China Plan is a policy to accelerate
the development of its central regions in 2004, which covers six provinces: Shanxi, Henan, Anhui,
Hubei, Hunan, and Jiangxi.), Middle Yangtze River has set up four national industrial transfer
demonstration zones, which introduced many manufacturing industries from the coastal areas.
These industries are characterized by high pollution and energy consumption, which leads to high
carbon emissions inevitably.

Third, many provinces in the Middle Yellow River, Southwest, and Northwest belong to Western
China. Their unfavorable geographic locations limit the introduction of foreign advanced technology,
intelligence, equipment, experience, and capital. With the deepening of the reform and opening-up
policy, the brain drain in these regions can be found by more talents moving to the eastern and central
parts of China for better opportunities, which increase the difficulty improve the production technology
and carbon emission efficiency.

6. Influence Factors of Carbon Emission Efficiency Based on the Tobit Regression

6.1. Determinants of Carbon Emission Efficiency

Based on the regional characteristics of carbon emission efficiency, we used the Tobit regression
model to analyze their influencing factors. The influencing factors were selected by referring to
previous studies, including government regulations, industrial structure, foreign trade level, foreign
capital utilization level, energy intensity, and science and technology [6,8,11,53,65–89]. Furthermore,
we compared the results with our prejudgments of each influencing factor. The data were collected
from the China Statistical Yearbook (2006–2016).

6.1.1. Government Intervention in the Economy

We chose the government intervention in the economy as an independent variable, consistent with
previous studies [6,11]. In China, the government’s macro-control policies have a significant impact
on economic performance. For instance, the macro-control policies influence the resources allocation
and industrial transfer among regions, which also impact the carbon emission reduction possesses
indirectly. Additionally, if the macro-control policies promote the development of energy-saving
industries, they will contribute to carbon emission efficiency. However, there is no agreed indicator
for the government intervention policies, and we have adopted the proportion of the local financial
expenditure to GDP as the proxy for the level of government intervention.

6.1.2. Industrial Structure

More recent attention has also focused on the relationship between industrial structure and
carbon emission efficiency [66–71]. The higher proportion of tertiary industry in industrial structure
can result in low energy consumption and carbon emissions. Therefore, this paper postulated that
industrial structure is one factor to explain regional differences in carbon emission efficiency. This paper
used the proportion of the local value-added of the tertiary industry to GDP as the proxy for the
industrial structure.
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6.1.3. Foreign Trade Level

In the process of globalization, China’s foreign trade volume has escalated after the opening-up
policy in 1978. A growing body of literature has investigated the relationship between carbon emission
efficiency and foreign trade level [11,72,73]. The opinions about the relationship between carbon
emission efficiency and foreign trade level are contradictory in literature. Some scholars claimed
foreign trade is a driving force to promote the carbon emission efficiency, because Chinese enterprises
are under the pressure of international competition to improve their product and service quality.
Their improvement efforts facilitate energy saving and resources consumption. Other scholars insisted
that the industries in many Midwest provinces still export products with high resources consumption,
which increase corresponding carbon emission. Therefore, the effect of foreign trade level worth further
investigating, and we adopted the proportion of the local import and export trade to GDP as its proxy.

6.1.4. The Foreign Capital Utilization Level

The absorption of foreign capitals is an essential factor in the economic development and
technological progression of developing countries. Currently, a considerable amount of research
has been published on this topic [74–78]. On the one hand, the foreign capital may accompany
a transfer of pollution-intensive industries from developed countries to developing countries less
stringent environmental regulations, which gives rise to the problem of carbon leakage (the Pollution
Haven Hypothesis) [79]. On the other hand, FDI is a “complex” of capital, technology, organization,
and marketing networks [80]. FDI may also introduce advanced production technologies and
management methods from aboard, which improve carbon emission efficiency indirectly. To investigate
the impact of foreign capital utilization level, we adopted the proportion of local foreign direct
investment to GDP to evaluate the degree of foreign capital utilization.

6.1.5. Energy Intensity

Some scholars also emphasized the impact of energy intensity on carbon emission efficiency [81–85].
Energy intensity is calculated as units of energy per unit of GDP. Low energy intensity indicates a
lower cost of converting energy into GDP and accompanied by higher carbon emission efficiency.
As energy intensity has a stronger impact on CO2 emissions, this paper has chosen energy intensity as
one of the influencing factors for carbon emission efficiency.

6.1.6. Science and Technology Level

The recently published studies also described the relationship between science and technology level
and carbon emission efficiency [11,86–88]. Adopting advanced technology, equipment, manufacturing
models, or procedures can improve energy usage efficiency with a low cost, and thus enhance carbon
emission efficiency. One precondition to improving science and technology level is to increase research
and development (R&D) input. Liu and Xia et al. in 2018 stated that increasing technological
expenditure can promote carbon emission efficiency growth [89]. Wang and Zhao et al. in 2019 found
that R&D investments have a vital role in CO2 emission reduction [53]. Therefore, this paper chose the
local R&D expenditure to GDP as a proxy for the science and technology level.

Table 5 will show the concrete definition of variable index.
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Table 5. Influencing factors.

Explanatory Variable Variables’ Definition and Unit Prejudgment Key References

Government
intervention in the

economy (GIE)

The proportion of the local
financial expenditure to GDP (%) Unknown [6,11]

Industrial structure (IS)
The proportion of the local added
value of the tertiary industry to

GDP (%)
Positive [66–71]

Foreign trade level (FTL) The proportion of the local import
and export trade to GDP (%) Unknown [11,72,73]

Foreign capital
utilization level (FCUL)

The proportion of the local foreign
direct investment to GDP (%) Unknown [74–80]

Energy intensity (EI)
10,000 yuan GDP standard coal

consumption (yuan/tons of
standard coal)

Negative [81–85]

Science and technology
level (STL)

The proportion of the local R&D
expenditure to GDP (%) Positive [11,53,86–89]

6.2. Unit Root Test and Cointegration Test

Before proceeding to any econometric analysis, we tested the existence of unit roots in all variables
first. In a non-stationary time series, the outstanding regression relationship between a variable and
another random variable may result in spurious regression [90]. This paper adopted the LLC [91],
IPS [92], Fisher-ADF [93], and PP-ADF [94] panel unit root test to determine the stability of the variables.
In Table 6, results showed that four variables are not smooth level through the test, but all became
stationary at the 1% significance level and rejected the null hypothesis of “existing unit root” at the
significance level within 1% after taking first differences. This implies that all variables are stationary
at the first difference, and there can be a long-term equilibrium relationship among all the variables.

Table 6. Panel unit root test results.

LLC IPS Fisher-ADF PP-ADF

CEE −13.9912 *** −8.15403 *** 155.223 *** 202.149 ***
GIE −1.15188 4.99367 20.0210 36.1092
IS 6.28823 7.88391 21.5548 19.3982

FTL −2.48395 *** 1.40910 41.2505 44.3308
FCUL −7.04262 *** −2.20561 ** 88.6931 *** 150.166 ***

EI −2.24391 *** 4.94331 26.1251 37.3777
STL −2.86846 *** 1.52624 48.4451 77.5646 *
�CEE −19.0895 *** −11.2225 *** 221.242 *** 371.516 ***
�GIE −11.0323 *** −6.73075 *** 155.873 *** 190.270 ***
�IS −5.75004 *** −1.35639 * 78.7522 * 101.827 ***
�FTL −12.2580 *** −5.97896 *** 150.454 *** 208.309 ***
�FCUL −11.9671 *** −5.06193 *** 133.507 *** 156.930 ***
�EI −15.1595 *** −9.84822 *** 205.206 *** 242.850 ***
�STL −14.9755 *** −8.24486 *** 187.069 *** 244.140 ***

Note: ***, **, * representing variables significant at 1%, 5%, and 10%, respectively.

If all variables remain non-stationary until the first-order difference, this analysis proceeds with
the cointegration test. The paper used the Pedroni panel cointegration to determine whether the panel
data had a cointegration relationship [95]. The test results are shown in Table 7.
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Table 7. Panel cointegration test results.

Panel-V-Stat Panel-Rho-Stat Panel-PP-Stat Panel-ADF-Stat

within-dimension −1694.92 4.901894 −15.11433 *** −2.657887 ***
between-dimension 7.692484 −22.66525 *** −2.098071 ***

Note: *** representing variables significant at 1%, respectively.

Table 7 presented the panel cointegration test results for all variables. These results showed that
four of the six statistics rejected the null hypothesis of no cointegration at the 1% significance level.
Hence, the paper concluded that there was a constant long-run equilibrium relationship among carbon
emission efficiency, government intervention in the economy, industrial structure, foreign trade level,
foreign capital utilization level, energy intensity, and science and technology level in China from 2005
to 2015.

6.3. Explaining Carbon Emission Efficiency: Tobit Regression Results

Based on the above results, this paper evaluated the impact of above influencing factors on the
carbon emission efficiency in China. The Tobit regression model assumed that

CEEi,t = β0 + β1GIEit + β2ISit + β3FTLit + β4FCULit + β5EIit + β6STLit + uit (7)

where CEEi,t represents the carbon emission efficiency value of the ith province in the tth year, β0, β1,
β2, . . . , β6 stands for the unknown coefficients, and ui,t is a random disturbance term. The parameters
were estimated by Stata12.0 software. The results are given in Table 8.

Table 8. Tobit regression results.

Variable Coefficient Std. Err. Z-Statistic P > |z| [95% Conf. Interval]

DGI −0.461083 *** 0.0585006 −7.88 0.000 −0.5757416 −0.3464233
IS 0.0076522 0.0836948 0.09 0.927 −0.1563865 0.171691

FTL 0.0881033 *** 0.0230223 3.83 0.000 0.0429804 0.1332263
FCUL 0.8143128 *** 0.236718 3.44 0.000 0.350354 6.832712

EI −0.043391 *** 0.0110785 −3.92 0.003 −0.0651047 −0.0216776
STL 4.95859 *** 0.9562014 5.19 0.003 3.084472 6.629005

Note: *** representing variables significant at 1%, respectively.

Government intervention was significant at the 1% level, with a regression coefficient of 0.461083,
which indicates that government intervention influences carbon emission efficiency negatively.
This result is consistent with a study in 2011 [96] and a recent one in 2019 [11]. From 2005 to
2015, the proportion of financial expenditure to GDP gradually increased from 18.11% to 25.63%, as the
Chinese government took the proactive fiscal policy measures to intervene in the market economy.
The results showed that the government’s excessive intervention in the economy was not conducive to
the improvement of carbon emission efficiency.

The industrial structure is positively related to carbon emission efficiency in a non-significant
way, implying that industrial structure only improves carbon emission efficiency to a certain extent.
There was a significant positive correlation between foreign trade and carbon emission efficiency with a
coefficient rate of 0.8143128. This finding is consistent with the study by Zhu and Du et al. in 2013 [97],
as well as Wang and Ma’s in 2018 [55]. This result supported that the development of foreign trade can
improve China’s carbon emission efficiency.

Foreign capital utilization level plays a positive role in improving carbon emission efficiency,
and the result is significant at the 1% level, which implies the Pollution Haven Hypothesis fails in the
Chinese context. The results echo the findings by Perkins and Neumayer in 2009 [98], as well as Wang
and Ye in 2019 [99], suggesting the Chinese provinces need to take measures to attract more FDI.
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The estimated coefficient of the energy intensity is significantly negative (at the 1% level), which
is in accord with our assumption that the decline in energy intensity can improve carbon emission
efficiency, also consistent with the policy of energy intensity reduction in its Thirteenth Five-Year plan
in 2016. The coefficient score of science and technology was significantly positive, indicating that the
science and technology development was conducive to the improvement of carbon emission efficiency.

7. Conclusions and Discussions

This paper presented the analysis of regional differences and influencing factors on China’s
carbon emission efficiency from 2005 to 2015 by adopting the Modified Undesirable EBM DEA Model
and Tobit model. The results showed that (1) most Chinese provinces generally have low carbon
emission efficiencies levels. The average value of 30 provinces’ carbon emission efficiency was 0.6277.
Only 11 provinces had a higher level than the national average level. Therefore, energy saving
and emission reduction in China are still challenging for governments. (2) Significant differences
in carbon emission efficiency exist across the three regions in China. The Eastern region ranked
the top, with the average efficiency was 0.7816, followed by the Central region (0.5967) and the
Western region (0.4964). (3) Northern, Eastern, and Southern coastal regions had a higher level of
carbon emission efficiency, followed by Northeast and Middle Yangtze River and Middle Yellow River.
The Southwest and Northwest had the lowest level of carbon emission efficiency. (4) In the results from
Tobit regression, foreign trade level, foreign capital utilization level, and science and technology level
all had significant positive effects on carbon emission efficiency. Government intervention and energy
intensity negatively affected the carbon emission efficiency in a significant way. The relationship
between industrial structure and carbon emission efficiency had a non-significant positive result.
The theoretical contribution of this manuscript is to adopting the Modified Undesirable EBM DEA
Model, which is more accurate than traditional methods, such as CCR, BCC or SBM model. Moreover,
based on the data’s unit root testing and cointegration, the paper verified the influencing factors of
carbon emission efficiency by the Tobit model, which avoids the spurious regression.

Based on the above analysis, we raised several policy implications to improve carbon emission
efficiency. When making full use of foreign trade and FDI, governments can reduce the import
and export of high-energy and emission products and support the foreign trade of high-tech and
environmentally friendly products. The governments can also optimize the energy structure and
increase investment in science and technology. The government can adjust industrial structure by
promoting the tertiary sector and reduce the development of manufacturing with high pollution and
emission. Additionally, governments can promote low carbon industries by providing subsidies or
special findings.

As the regions have different carbon emission efficiencies, the local governments should make use
of their strengths. The provincial and municipal governments of the eastern provinces should fully tap
the potential of energy saving and emission reduction based on their original economic development
level. As for the local governments of the central and western provinces, they can make use of their
industrial legacies and combine their advantages with the import of foreign capital. In this foreign
capital attraction process, the local governments should restrict pollution-intensive industries with
environmental regulations, and attract high-tech industries through FDI. The provincial and municipal
governments should strengthen the monitoring and supervision of pollutant emissions with improved
evaluation system and punishment mechanism for carbon emission efficiency.

However, the limitations of the research remain in the data collection. We calculated the provincial
capital stock and CO2 emissions due to lacking data in the provincial statistical yearbook. The accuracy
of the research result can be improved if the central and local Statistical Bureau to disclose statistics on
the provincial capital stock and CO2 emissions. Future research can analyze various industrial sectors’
carbon emission efficiency in the next study period, which further reflects the regional differences in
carbon emission efficiency in various industrial sectors.
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Abstract: The natural gas revolution in Israel started about two decades ago. Its numerous
social impacts include moving to cleaner energy, improving energy security and the balance of
trade, tightening international relations, and increasing tax revenue. However, “Dutch disease”
phenomena—where the accelerated export of natural gas leads to the strengthening of the local
currency, the subsequent weakening of other exporting industries, and rising unemployment—might
suck Israel into the economic slowdown. This study examines whether the strengthening of the
New Israeli Shekel (ILS) in recent years is a symptom of “Dutch disease”. It is expected that the
large-scale export of natural gas will start in 2021 with the development of the major offshore field
“Leviathan”. Notably, ILS has been appreciating for several years already. We employed the event
study approach to analyze the fluctuations of the daily ILS/USD real exchange rate in the years
2009–2017, combined with the media announcements related to the gas discoveries published during
this period. The results revealed that gas-related news does affect the exchange rate and appreciate
ILS. GARCH analysis confirms the results.

Keywords: Dutch disease; natural gas; event study; real exchange rate; announcements; currency
appreciation; export; expectations

1. Introduction

The past recent years have seen tremendous turmoil in regional and global energy markets,
with volatile oil prices, geopolitical tensions over oil and natural gas (NG) supply, and tightened
environmental regulation.

Up until recently, Israel was considered a resource-deprived country, especially with regard
to fossil fuels. While traditionally relying on coal and oil imports, the last two decades have seen
Israel diversifying its energy sources with the usage of NG. Israel only had its first commercially
recoverable discovery of fossil fuel in 1999, with natural gas discoveries at the Noa and Mari-B
fields in the Mediterranean. These fields are collectively known as Yam Tetis [1]. A major source
of Israel’s NG originated in Egypt, covering some 40% of Israeli demand. On the advent of civil
unrest in Egypt in 2011, the el-Arish-Ashkelon pipeline, which delivered NG to Israel, was repeatedly
sabotaged, effectively bringing imports to a halt [2]. This supply disruption inflicted heavy economic
and environmental burden due to the need to switch to costly oil-based fuels in its electricity generation.
However, by this time, significant NG discoveries (TAMAR field) gave Israel a foreseeable continuation
of supply channels. In addition, the commissioning of liquefied natural gas (LNG) receiving capability
in early 2013 (capable of supplying 1–3 billion cubic meters (BCM) a year) was able to negate the
supply shortage from the depleted Yam Tetis and Egyptian gas to some extent. More significantly,
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a development rush of the Tamar field in 2013 allowed meeting the majority of current Israeli NG
demand, and was set to supply between 50–80% of Israel’s future consumption needs. The sharp
increase in gas reserves enables Israel to pursue a new and unexpected path to energy independence [3].

In June 2010, the Leviathan structure located in deep water, 30 km west of Tamar, was found to
contain the same gas-bearing Tamar Sands. The analysis indicated recoverable reserves of 500 BCM
of gas in the Leviathan field. The giant Leviathan field was the largest discovery worldwide during
the first decade of the 21st century. Exploration activity in the northern part of the Israeli Exclusive
Economic Zone (EEZ) continued from 2011 to 2013. Additional amounts of NG were discovered in the
Karish, Tanin, Dolphin, Tamar SW, and Aphrodita-Ishai fields (The Ministry of Energy).

Consequently, long a resource-poor country, Israel is now evaluated as having more natural gas
than it needs for the next 30 years. As Israel’s primary energy import bill before the NG discoveries
was about $10 billion—more than 5% of gross domestic product (GDP)—NG is expected to sharply
improve the country’s trade balance.

Debates about the nation’s rights over its natural resources, as well the right of ownership by
foreign entities, surround the economic dilemmas that the national revenue policy faces. The Sheshinski
committee was given a charter to recommend changes in fiscal policy for Israel’s natural-resource sector.
The key committee recommendations [4] that were accepted by the government (Government decision
2762, 2011) included retaining the enacted 12.5% government royalties over oil and gas production,
and the establishment of an excess profits tax of up to 50%. Hence, the maximum government take
(GT)—i.e., the government share in the natural resources sales revenues—rose from about 30% to 62.5%.

The NG fields of Tamar, Leviathan, Karish, and Tanin were discovered and controlled by the
United States (US)-based Noble Energy and Israel’s Delek Group, effectively creating a cartel over
the vast majority of the country’s gas reserves. The issue of the gas cartel and the price of NG have
become highly contentious [5]. The “Gas Framework” approved by the Knesset in 2016 called for
Delek to divest itself of Tamar and for Noble to reduce its stake from 36% to 25% in six years. Following
the “Gas Framework”, Noble Energy and Delek sold the control of two smaller fields: Karish and
Tanin. However, the two companies retain their holdings in the much bigger Leviathan field, while the
government assured that it would not impose price supervision or annul contracts for NG already
signed. Most importantly, the government committed to observing these terms for as long as 15 years.

The owners of Tamar field conditioned the investment in its development on a long-term contract
with the Israeli Electric Corporation (IEC), which was a government-owned regulated monopoly at that
time. This much-disputed contract served as an anchor for the entrepreneurs, assuring the demand for
NG. With the discovery of Leviathan Field, it was clear that the largest fraction of domestic demand
was already locked for Tamar field. The owners of Leviathan argued that the field would be developed
in the nearby future only if exporting the NG would be allowed. Based on the Tzemach Committee’s
recommendations [6], the government set out the quantity of NG that would remain for domestic
consumption in order to achieve energy security over time.

During 2018, an inter-ministerial team re-examined the gas export policy. The recommendations
of this team included setting the amount of NG secured for the domestic market at about 500 BCM [7]
while the remaining amount, estimated at about 340 BCM, would be available for export, and were
adopted by government decision 4442. NG exports already underway or agreed with Jordan and
Egypt total over 110 BCM (3.9 TCF).

The way the economy exploits the windfall of natural resources might adversely affect the
pertained sectors, as well as the economy as a whole. One of several well-known studies on the subject
of natural resources economics showed evidence to the relationship between countries’ dependency on
natural resources exports and their growth rates [8]. The study examined a sample of 97 developing
economies and compared their natural resources exports to gross domestic product (GDP) ratio with
growth per capita over the span of 20 years (1970–1989). The results showed that economies with a
high ratio of natural resource exports to GDP tended to have low growth rate, even when controlling
for other determinants of economic growth such as initial GDP, inequality, trade policy, government
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efficiency, and investment rates, which when combined form a phenomenon called the “Resource
Curse”. Such findings raise a debate regarding whether or not resource-abundant countries should be
encouraged to exploit their resource bases.

The Dutch Disease is arguably the hallmark of the natural “Resource Curse” phenomenon.
The Dutch disease is a scenario that can occur in small countries with an important resource
extraction sector. The large-scale expansion of this sector generates large export revenues that are
exchanged in domestic currency [9]. This demand appreciates the domestic currency, causing domestic
goods to become expensive compared to foreign goods. Consequently, the country’s international
competitiveness suffers, hampering its exports of other goods and services [10]. Nevertheless, it is
difficult to separate Dutch disease effects from the domestic and international macroeconomic conditions
prevailing at the time of the shock. This is all the more so in the case of price-led energy booms, which
might be accompanied by cross-economies recessions.

The question arises of whether this is actually a problem. [11] noted that some economists have
claimed that the “disease” is merely an adaptation process that the economy goes through in light
of its newfound wealth, all the more so when the source of increased inflows is permanent. At the
same time, she noted that other economists argue that the damage caused by the transition of capital
and labor between sectors is by itself a risk to economies’ growth potential, requiring adequate policy
measures to deal with such implications. When the booming sector is NG, oil, or minerals, the
declining tradable sectors, according to the theory, would include manufacturing and agriculture [12].
In principle, such changes in the structure of production should be welfare improving, reflecting
changes in demand associated with an improvement in national income [12]. However, they may
be a matter of concern for policy makers if the declining sectors are thought to have some special
characteristics that would stimulate growth and welfare in the long-term, such as increasing returns to
scale, learning by doing, or positive technological externalities. This might be the source of concern for
the Israeli economy, in which export comprises about 30% of the GDP, and is mainly composed of
technology and labor-intensive goods and services (high-tech, medicine).

Recent empirical evidence and theoretical work provide strong support to a negative link between
resource abundance and long-term growth [13,14]. The methodology for empirically assessing “Dutch
Disease” usually involves the econometric analysis of time-series or panel data [15] for researching the
correlation between resource abundance and the share of tradable sectors in the overall economy [16].
As Israel has only recently started the low-scale export of NG, this approach cannot be applied yet.
However, expectations for major NG exports have been accumulating since 2010 with the discovery of
the major offshore field “Leviathan”.

The framework of this research aimed at investigating the much debated yet little explored
effects of the newly introduced NG resources over the Israeli economy. Specifically, we estimated the
implications of expected NG exports, as expressed through the media announcements, on the foreign
exchange rate.

The aim of this paper was to analyze whether the Israeli economy showed symptoms of “Dutch
Disease”: an appreciation of local currency caused by massive natural resource exports. The export of
NG started on a small scale only in 2017, but the expectations for large export potential have been
escalating since 2010. Therefore, we employed the Event Study methodology instead of the commonly
used econometric analysis of actual data, as it is not available yet. We investigated NG industry-related
announcements and the fluctuations in the real exchange rate. Although this paper focused on the NG
industry in Israel, both the methodology and the empirical results are of general interest. Technology
advances allow discovering and developing natural reservoirs that previously were unknown or
considered unprofitable. Moreover, shale oil and gas technologies revert the energy markets. Countries
that were considered resource-deprived energy importers become net exporters. The implications of
these transformations in terms of trade and economic growth are still ambiguous.

The rest of the paper is organized as follows. Section 2 presents the data and estimation strategy.
Section 3 illustrated main empirical results. Section 4 generates the discussion.
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2. Materials and Methods

2.1. Data

The present research considers 639 announcements published during the years 2008–2017 with
regard to NG discoveries in Israel. The announcements were obtained from leading Israeli Internet
news sites and from the publications of corporations and entities related to the energy sector and the
NG industry in particular. Included among them are Ynet, Globes, Calcalist, Walla News, Bizportal,
and Energy News. Each announcement in the database was classified according to a subtopic that
characterizes it. The subtopic categories are Drilling, Exploration, Import, Export, Development,
Infrastructure, Electricity, Companies, and Regulation. The announcements were also categorized
according to the date and time of publication in order to prevent duplication from different sources
of publication and maintain compatibility with the Event Study Methodology. The results of that
methodology rely upon the examination of time periods.

For each announcement, 316 items of data regarding daily and intraday returns for the ILS to
USD exchange rate were obtained from the Reuters system for the estimation window and the event
window time periods. Our focus on the ILS to USD exchange rate is because all the NG contracts in
Israel are signed in terms of USD per MMBTU (Measure of the energy content in a fuel). In addition,
USD has the highest weight in Nominal Effective Exchange Rate in Israel [17]

Duplicate publications from different sources were removed from the initial collection of
announcements, as were repeated announcements that had previously been published. After the
additional screening, 296 “pure” articles remained. These were defined as announcements that were
not additionally published with regard to the content of the initial publication during the 16 days
preceding and the 16 days following.

The public awareness of the importance of NG in Israel began early in 2009 with the discovery of
the Tamar gas field. The number of announcements published in 2010 was the largest in comparison to
other years (53 pure announcements in 2010 versus on average 30 a year in 2009, 2011–2017). Most of
the announcements that year concerned the Leviathan field, which was discovered at the time, and the
Tamar field, which was discovered in the preceding year.

The database is divided into the four following analysis groups. (1) The first group is a general
group including all 296 pure announcements in the sample. (2) Second, there is a group in which
the sample is divided according to the subject area of the article. This second group included
Panel A (68 Export announcements), Panel B (78 Exploration and Drilling announcements), Panel
C (47 Companies and Development announcements), Panel D (72 Electricity and Infrastructure
announcements), and Panel E (38 Import and Regulation announcements). In the second group,
the research investigates whether announcements in specific areas have greater influence than those in
other areas. (3) The third group consists of single announcements including 243 articles, as compared to
multiple announcements including 43 articles. In this group, the research analyzed the influence of the
announcements according to their frequency of publication. (4) The last group was divided according
to the time period of publication. The sample is separated into two periods: old announcements
(146 articles) and new announcements (150 articles). In this group, the research examines whether
the announcements from recent years have a stronger impact on the real exchange rate than old
announcements that were published prior to 1 January 2013. As mentioned above, the year 2013 is
a focal point in the energy sector of Israel with the connection of Tamar field and the beginning of
the local NG supply. The purpose of the division according to analysis groups is to characterize the
influence of the publications on the exchange rate separately for each group, and to investigate the
significance of the impact in each group.

Figure 1 presents the fluctuation in the daily ILS to USD representative exchange rate and some
of the major events concerning the NG industry in Israel. The exchange rate policy of the Bank of
Israel is based on the free movement of ILS’s exchange rate against other currencies. With that, the
bank maintains the option for “dirty float”, i.e., to intervene in foreign currency trading in situations
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of extraordinary movements in the exchange rate that are not in line with fundamental economic
conditions, or when the foreign exchange market is not functioning appropriately [18]
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Figure 1. Timeline of natural gas (NG)-related events and the daily New Israeli Shekel (ILS) to United
States dollar (USD) real exchange rate.

Evidently, between January 2009 and May 2017, the daily ILS against USD exchange rate reached
as high as 4.30 ILS/USD on 23 April 2009 and as low as 3.35 ILS/USD on 7 June 2011. Notably, the former
governor of the Bank of Israel claimed that the exchange rate decline in 2013–2014 was partly due to
expectations of future trade balance increase due to NG exports: expectations that, in her opinion,
overappreciated the currency [19].

2.2. Methodology

This study employed the Event Study Methodology followed by Generalized Auto-Regressive
Conditional Heteroscedasticity (GARCH) analysis. The event study is commonly used in the literature
regarding the stock market in order to examine the impact of newly published information on the stock
rates. The present research adapts it to the area of macroeconomics and investigates whether and how
the exchange rate is affected by the publication of announcements concerning NG in Israel.

For each event, the expected return was estimated by calculating the average exchange rate return
over the estimation period. The expected return was used as the benchmark return in the normal
situation to compare with the actual exchange rate return during the event window. The benchmark
return represents the return that was not related to the event of interest. Next, we calculated the
abnormal exchange rate return, which represents the difference between the actual return and the
expected return. Afterwards, we calculated the average abnormal exchange rate return and aggregated
the result. Then, the mean adjusted return (MAR) methodology was applied to analyze whether the
announcement causes a statistically significant abnormal return.

In the present research, the estimation window begins 300 days before the publication of the
article, and ends 17 days prior to its publication. The event window is defined from 16 days before
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publication of the article until 16 days subsequent to its publication. In the event study methodology,
there is no universal rule on the lengths of the event windows. Over the years, many articles used
the event study methodology and changed the size of the event window according to the research
needs [20–25].

In addition, in the present method, the “event day” is defined as day zero: the day on which the
announcement is published (Figure 2).

Figure 2. Estimation window (L1) for the period of time preceding the event (L2).

The development of the method used today began in the classic articles of [20,21]. They examined
the publications of reports that focused on the influence of share splits, after taking into consideration
the influence of a concurrently increased dividend. In order to study the influence, they compared
the actual stock returns surrounding the date of the notice of the split to the expected return without
the event. The role of the event study method in the present paper is to examine whether the rate of
change in the ILS to USD exchange rate surrounding the publication of the announcement is identical
to the normally expected return without the publication. The study follows the mean adjusted return
(MAR) method based upon statistical expectations during the estimation period [22,26,27], so that the
average exchange rate that will be obtained will also continue in the event window, and any change
from the calculated rate will be called the abnormal real exchange rate.

The underlying hypothesis is that the expected change in the real exchange rate is equivalent to the
actual real exchange rate. The present research tests the hypothesis using the t-test. The methodology
in the present research is based on [28] and adapted to the calculation of the abnormal return of the
real exchange rate. The detailed mathematical notation is presented in Appendix A.

Empirical work indicates that exchange-rate volatility behaves according to a GARCH )Generalized
Auto-Regressive Conditional Heteroscedasticity) model that was developed by [29].According to the
model, fluctuations in the exchange rate during a given period depend on fluctuations in the exchange
rate in the preceding periods [30–33].

Recent studies confirmed that the GARCH(1,1) model is the most appropriate measure of
exchange-rate volatility [34,35]. Additionally, research by [36] revealed that the exchange-rate series
exhibits empirical regularities such as clustering volatility, non-stationarity, non-normality, and serial
correlation, which justify the application of the GARCH methodology. Another recent study by [37]
that used GARCH(1,1) found that exchange rate volatility affects both international trade and foreign
direct investment (FDI) significantly but negatively in countries engaged in OBOR (One Belt One
Road is a global development strategy adopted by the Chinese government involving infrastructure
development and investments in 152 countries and international organizations in Asia, Europe, Africa,
the Middle East, and the Americas). [38] showed that the GARCH(1,1) model was more effective than
other complicated GARCH models when they took 330 ARCH-type specifications into consideration.
Therefore, the GARCH(1,1) was utilized for the volatility measurement of exchange rate in the
present study.

Then, the abnormal return for the real exchange rate Aei,t of an announcement i on day t is defined
as the difference between the actual return and the normal one.

Aei,t = ei,t − E(ei,t
∣∣∣Ii,t) (1)
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where:

Aeit—The abnormal return for real exchange rate of an announcement i on day t.
eit—The actually return for real exchange rate of an announcement i on day t.
E(eit|It)—The expected normal return for exchange rate of an announcement i, given information I
known at time t.

The expected normal return for exchange rate and its volatility σ2
i,t are presented in equations (2)

and (3) as follows:
E(ei,t

∣∣∣Ii,t) = α0 + α1ei,t−1 + εi,t (2)

σ2
i,t = β0 + β1ε

2
i,t−1 + γ1σ

2
i,t−1 , AAet ∼ N

(
0, σ2

i,t
)

(3)

where β0 is the constant term, εi,t is the error term, β1 is the coefficient for the lagged squared error at
lag 1, and γ1 is the coefficient for the lagged conditional variance at lag 1.

3. Results

The present research investigated whether an investor can utilize this information and yield an
abnormal return during the period following the publication of the announcement. In this section,
we present the results of event study analyses for the entire sample and for different groups of
announcements, as well as the GARCH(1,1) estimation, to examine how the exchange rate was
influenced by subjective evaluations of investors.

3.1. The Effect of Gas Discoveries on the Real Exchange Rate for the Entire Sample

First, the research used a MAR to examine the influence of NG discovery announcements on the
real exchange rate in general, for the entire sample of 296 pure announcements. Table 1 and Figure 3
describe the cumulative average abnormal exchange rate return CAAe−16,+16 during the 33 days
surrounding the time of the announcement, beginning from day (−16) prior to publication, and until
day (16) following publication.

Table 1 describes the effect of gas discoveries on the abnormal real exchange rate for the entire
sample. In the table, the cumulative average abnormal exchange rate return (CAAe), median cumulative
abnormal exchange rate return (CAe), percentage of positive abnormal real exchange rate return,
t-statistics, and number of observations are reported for the six event windows.

Table 1. The effect of gas discoveries on the real exchange rate for the entire sample of 296 pure
announcements. CAAe: cumulative average abnormal exchange rate return, CAe: median cumulative
abnormal exchange rate return.

(−16,−4) (−3,−1) (0) (+1,+3) (+4,+6) (+7,+16)

CAAe −0.04% −0.09% −0.06% * −0.11% * −0.08% −0.01%
Median CAe 0.00% −0.04% −0.09% −0.24% −0.16% 0.18%

Percent Positive 49.66% 44.59% 43.58% 44.93% 40.88% 49.32%
t-statistics −0.33 −1.53 −1.87 −1.87 −1.42 −0.11

N 296 296 296 296 296 296

* 90% significance level.
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Figure 3. The cumulative average abnormal exchange rate return (CAAe) behavior during the 33-day
event window surrounding the event day for the entire sample of 296 announcements.

Table 1 and Figure 3 show that during the period prior to publication of the announcement,
the CAAe−16,−1 did not significantly decrease, which indicates that in general during this period,
there was no leakage of information regarding the content of the announcement. Alternatively,
the influence of publication of the announcement occurred a long time before the actual publication
of the exchange rate. During this period, the Median CAe−16,−1 was almost unchanged, and 47%
of the announcements had a positive CAe. On the day that the announcement was published, there
was a significant decrease of 0.06% AAe0 in the exchange rate. This indicates that the announcements
generally strengthened the ILS. The Median CAe0 decreased on this day by 0.09%, and 43.38% of the
announcements had a positive CAe. Thus, it may be concluded that generally, the announcements
provided new information to the investors on the day of publication and contributed to the appreciation
of the shekel.

During the first three days (+1,+3) following the announcement, the abnormal appreciation
increased and the CAAe+1,+3 decreased by an additional 0.11%. During this period, investors that
were exposed to the first announcement were able to use a profit strategy by shorting the real exchange
rate on the day of publication and closing the position at the end of the trading day on the third day
following publication of the announcement. During this period, the Median CAe+1,+3 decreased
by 0.24%, and 44.93% of the announcements had a positive CAe. In the subsequent period (+4,+16),
the publication of announcements did not show a statistically significant impact on the exchange rate.

3.2. Analysis by Type of Announcement

This section examines the impact of NG-related announcements on the real exchange rate
according to five groups of announcements: Panel A (Export), Panel B (Exploration and Drilling),
Panel C (Companies and Development), Panel D (Electricity and Infrastructure), and Panel E (Import
and Regulation), as presented in Section 2.1.

Table 2 and Figure 4 describe the CAAe−16,+16 by group during the 33 days surrounding the
announcement, from day (−16) prior to publication and until day (16) following publication.
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Table 2. The effect of gas discoveries on the exchange rate by announcement type.

(−16,−4) (−3,−1) (0) (+1,+3) (+4,+6) (+7,+16)

Panel A: Export
CAAe 0.25% 0.05% −0.12% ** 0.02% 0.03% 0.04%

Median CAe 0.31% 0.00% −0.10% 0.00% 0.09% 0.34%
Percent Positive 61.76% 50.00% 45.59% 50.00% 51.47% 57.35%

t-statistics 1.28 0.50 −2.13 0.18 0.31 0.21
N 68 68 68 68 68 68

Panel B: Exploration
and Drilling

CAAe −0.02% −0.09% 0.02% 0.02% −0.21% * 0.13%
Median CAe 0.01% −0.06% −0.03% 0.02% −0.27% 0.06%

Percent Positive 50.00% 45.71% 50.00% 52.86% 32.86% 50.00%
t-statistics −0.07 −0.71 0.29 0.17 −1.70 0.57

N 70 70 70 70 70 70

Panel C: Companies
and Development

CAAe −0.29% −0.18% −0.15% ** −0.17% −0.30% ** −0.46% **
Median CAe −0.33% −0.17% −0.16% −0.08% −0.30% −0.55%

Percent Positive 36.17% 31.91% 31.91% 42.55% 31.91% 31.91%
t-statistics −1.11 −1.40 −2.12 −1.32 −2.36 −2.02

N 47 47 47 47 47 47

Panel D: Electricity
and Infrastructure

CAAe −0.24% −0.22% ** −0.07% −0.27% *** −0.11% 0.12%
Median CAe −0.34% −0.12% −0.10% −0.25% −0.15% 0.36%

Percent Positive 47.22% 43.06% 44.44% 34.72% 41.67% 52.78%
t-statistics −1.01 −2.00 −1.08 −2.43 −1.01 0.57

N 72 72 72 72 72 72

Panel E: Import and
Regulation

CAAe 0.04% −0.01% −0.03% −0.23% 0.27% −0.03%
Median CAe −0.14% −0.03% −0.12% −0.16% −0.03% 0.19%

Percent Positive 46.15% 48.72% 38.46% 41.03% 46.15% 48.72%
t-statistics 0.12 −0.06 −0.34 −1.41 1.61 −0.11

N 39 39 39 39 39 39

*** 99% significance level; ** 95% significance level; * 90% significance level.

The following table describes the effect of gas discoveries on the abnormal exchange rate by five
announcement types: Panel A (Export), Panel B (Exploration and Drilling), Panel C (Companies and
Development), Panel D (Electricity and Infrastructure), and Panel E (Import and Regulation).

In each panel, the cumulative average abnormal exchange rate (CAAe), median cumulative
abnormal real exchange rate (CAe), percentage of positive abnormal real exchange rate, t-statistics,
and number of observations are reported for the six event windows.

Figure 4 and Table 2 show that there was no information leakage in any of the groups except
for the Electricity and Infrastructure group. In that group, the information leakage began three days
before the publication of the announcement and continued until one day before publication of the
announcement, which was accompanied by a decrease in CAAe−3,−1 by 0.22% (t-statistics = −2). This
provides an indication that investors, who had inside information concerning the decisions in the area
of electricity and infrastructure, were able to short the exchange rate three days before the information
was exposed to the rest of the investors in the market. They potentially could close the position at the
end of the trading day prior to publication of the announcement.
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Figure 4. The CAAe behavior during the 33-day event window surrounding the event day for the
entire sample of 296 announcements by five announcement types.

Also of interest in this period is that the Percent Positive shows the tendencies of the groups in
Figure 4. In the Exploration and Drilling group and the Import and Regulation group, approximately
47% of the announcements yielded an increase in the real exchange rate. Therefore, the two graphs
remained stable and without change in the real exchange rate. In the Companies and Development and
Electricity and Infrastructure groups, approximately 39% of the announcements yielded devaluation;
thus, there was a negative trend in the exchange rate in those two groups.

In the Export group and the Companies and Development group, there was a statistically
significant decrease in AAe0 by 0.12% (t-statistics = −2.13) and 0.15% (t-statistics = −2.12) in the
exchange rate. More importantly, the statistically significant abnormal appreciation of ILS on the day
of announcements related to the prospects of exports and development of the reserves provides direct
evidence for investors’ strategy in view of the expected NG export and future currency appreciation.

In the Electricity and Infrastructure group during the first three days following the announcement
(+1,+3), there was a statistically significant decline in the exchange rate, and the CAAe+1,+3 decreased
by 0.27% (t-statistics=−2.43). During this period, investors who were exposed to the first announcement
were able to use a profit strategy by shorting the exchange rate on the day of the announcement and
closing the position at the end of the trading day on the third day following the publication of the
announcement. During this period, the Median CAe+1,+3 decreased by 0.25%, and 34.72% of the
announcements had a positive CAe.

In the Exploration and Drilling group, the statistically significant impact on the exchange rate
occurred only during the first few days (+4,+6) after the announcement. Here, the exchange rate
decreased, and the CAAe+4,+6 decreased by 0.21% (t-statistics=−1.70). During this period, the Median
CAe+4,+6 decreased by 0.27%, and 32.86% of the announcements had a positive CAe.

In the Companies and Development group, the greatest influence was during the period following
the announcement. During the 16 days following the announcement (+1, +16), the real exchange rate
decreased and the CAAe+1,+16 decreased by 0.93% (t-statistics = −3.19). During this period, investors
who were exposed to the first announcement were able to use a profit strategy by shorting the real
exchange rate on the day of the announcement and closing the position at the end of the trading day
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on the 16th day following the publication. In this period, the Median CAe+1,+16 decreased by 0.93%,
and 30.12% of the announcements had a positive CAe.

Figure 5 summarizes the results for the five groups surrounding the event day. The present research
examined whether there was information leakage to investors who were insiders and associated
with the decision makers during the period preceding the event. Figure 5 shows the information
leakage only in the Electricity and Infrastructure group. The research further considers whether the
announcement brought new information to investors on the event day. In the Export group and the
Companies and Infrastructure group, the new information had a statistically significant impact and
appreciated the ILS. During the period following the publication, investors sought a profit strategy.
At that time, three groups had a statistically significant influence on the exchange rate. These were the
Electricity and Infrastructure group, Exploration and Drilling group, and the group that had the most
influence on profit strategy: Companies and Development.

 
Figure 5. Summary of results according to five groups of announcements.

3.3. Old vs. New Announcements

This section examines whether announcements published in recent years influenced the exchange
rate differently than announcements published earlier. For the purpose of this analysis, the sample was
divided into two groups. The first group, referred to as Old, includes 146 old announcements that were
published between 15 December 2008 and 31 December 2012. The second group, referred to as New,
includes 150 announcements that were published between 1 January 2013 and 6 May 2017. In 2013,
the Tamar gas field was connected and began delivering NG to Israel. Therefore, this group analyses
whether the impact of the announcements became stronger after the supply of domestic NG began.

Figure 6 and Table 3 describe the CAAe−16,+16 during the 33 days surrounding the announcement,
beginning from day (−16) prior to and until day (16) following the publication.
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Figure 6. The CAAe behavior during the 33-day event window surrounding the event day for old and
new announcements.

Table 3. The effect of gas discoveries on the exchange rate for old and new announcements.

(−16,−4) (−3,−1) (0) (+1,+3) (+4,+6) (+7,+16)

Panel A: Old

CAAe −0.16% −0.10% −0.04% −0.16% −0.03% 0.01%
Median CAe −0.01% −0.03% −0.11% −0.24% −0.14% −0.04%

Percent Positive 62.33% 54.79% 54.11% 55.48% 51.37% 61.64%
t-statistics −0.75 −1.03 −0.40 −1.58 −0.31 0.03

N 146 146 146 146 146 146

Panel B: New

CAAe 0.07% −0.08% −0.09% *** −0.07% −0.14% ** −0.03%
Median CAe −0.02% −0.06% −0.12% −0.08% −0.21% −0.14%

Percent Positive 49.33% 46.00% 44.00% 42.67% 40.00% 48.00%
t-statistics 0.58 −1.34 −3.67 −1.10 −2.31 −0.26

N 150 150 150 150 150 150

*** 99% significance level; ** 95% significance level.

The following table describes the effect of gas discoveries on the abnormal exchange rate for two
announcement types: Panel A (Old) and Panel B (New).

In each panel, the cumulative average abnormal real exchange rate (CAAe), median cumulative
abnormal real exchange rate (CAe), percentage of positive abnormal real exchange rate, t-statistics,
and number of observations are reported for the six event windows.

Figure 6 and Table 3 show that there was no information leakage in any of the old and the new
groups. Therefore, it may be concluded that there was no information leakage and that investors who
were corporate insiders reacted similarly to new information and to old information before it was
published for the general public. On the day of publication, old announcements had no influence on
the exchange rate. However, in the group of new announcements, the AAe0 decreased significantly
by 0.09% (t-statistics = −3.67). This indicates that the new announcements created an appreciation
of the ILS. The Median CAe0 decreased in this group by 0.12%, and 44% of the announcements had
a positive CAe. It may be concluded that since the connection of the Tamar gas field in 2013 for the
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supply of domestic NG to the Israeli economy, the potential for export became more realistic. Every
announcement regarding NG strengthened the expectations for a future appreciation, and brought
about a stronger reaction of the investors on the day of the publication. This influence also continued
during the first six days following the announcement (+1,+6), so that the exchange rate decreased
and the CAAe+1,+6 decreased by 0.20% (t-statistics = −2.41). During this period, investors that were
exposed to the first announcement were able to use a profit strategy by shorting the exchange rate on
the day of publication of the announcement and closing the position at the end of the trading day on
the sixth day following publication. During this period, the Median CAe+1,+6 decreased by 0.29%,
and 39.36% of the announcements had a positive CAe.

3.4. Single vs. Multiple Announcements

When the market has expectations for additional information, it is likely that investors’ reactions
will strengthen when given continuous information rather than a single information item. This section
examines the difference in the behavior of investors toward announcements that appear only once,
which are referred to as single announcements, versus those that appear a number of times, which are
referred to as multiple announcements. The analysis was made on the first announcement in the series
of multiple announcements. The group of single announcements includes 243 announcements, which
were not republished during the period of three months from publication of the first announcement.
In contrast, the group of multiple announcements includes 43 announcements, for which an additional
announcement was issued within three months after the initial publication.

Table 4 and Figure 6 describe the CAAe−16,+16 during the 33 days surrounding the announcement,
beginning from day (−16) before publication and continuing until day (16) following publication.

Table 4. The effect of gas discoveries on the real exchange rate for single and multiple announcements.

(−16,−4) (−3,−1) (0) (+1,+3) (+4,+6) (+7,+16)

Panel A: Single

CAAe 0.00% −0.08% −0.05% −0.06% −0.08% −0.11%
Median CAe −0.11% −0.04% −0.10% −0.24% −0.22% 0.29%

Percent Positive 28.40% 28.40% 27.98% 26.75% 23.05% 32.51%
t-statistics 0.02 −1.38 −1.55 −1.00 −1.35 −0.96

N 243 243 243 243 243 243

Panel B: Multiple

CAAe −0.30% −0.13% −0.12% −0.34% ** 0.26% −0.15%
Median CAe −0.44% −0.02% −0.12% −0.16% 0.12% −0.43%

Percent Positive 46.51% 44.19% 41.86% 39.53% 55.81% 44.19%
t-statistics −0.88 −0.82 −1.33 −2.08 1.62 −0.51

N 43 43 43 43 43 43

** 95% significance level.

The following table describes the effect of gas discoveries on the abnormal exchange rate for two
announcement types: Panel A (Single) and Panel B (Multiple).

In each panel, the cumulative average abnormal exchange rate (CAAe), median cumulative
abnormal exchange rate (CAe), percentage of positive abnormal exchange rate, t-statistics, and number
of observations are reported for the six event windows.

Table 4 and Figure 7 show no influence of single announcements on the exchange rate, whereas
for multiple announcements, information leakage began from the second day before the event and
was accompanied by currency appreciation. The decrease continued on the day of publication of the
announcement, as well as during the first three days following the event. It may be concluded that
investors were able to identify initial single announcements and initial continuing announcements.
Therefore, they were able to attain abnormal profits in the multiple announcements group. The profit

197



Energies 2019, 12, 2752

strategy could be shorting the exchange rate either two days prior to the publication for investors
with inside information, or on the day of the publication for the rest of the investors, and closing
the position at the end of the third trading day following the event. A possible reason for this
phenomenon is that the investors had expectations for future information that would be published in
additional announcements.

 
Figure 7. The CAAe behavior during the 33-day event window surrounding the event day for single
and multiple announcements.

3.5. GARCH Regression Results

The validity of our results based is on GARCH modeling of exchange rate returns and the
parametric test statistic. Table 5 describes the estimation of the parameters according to the expected
normal return of exchange rate volatility (Equation (3)) during the period of the estimation window.

Table 5. Estimation of expected normal return for exchange rate and its volatility according to the
GARCH(1,1) model during the period of the estimation window.

β0 β1 γ1 Log Likelihood F

GARCH 1.345 × 10−7 0.062 0.901 1851.774 6.35
p-value 0.099 0.050 0.000

The results in Table 5 show that the model is significant (F = 6.35), as well as the explanatory
variables: change in the square exchange rate in day t − 1

(
ε2

t−1
)
, and the variance in day t − 1 (σ2

t−1).
Using the estimations from GARCH(1,1) regression, MAR was examined to reveal the influence

of NG announcements on the exchange rate for the entire sample of 296 pure announcements. Table 6
and describes the CAAe−16,+16 during 33 days surrounding the time of the announcement, beginning
from day (−16) prior to publication, and until day (16) following publication.
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Table 6. The effect of gas discoveries on the real exchange rate for the entire sample of 296 pure
announcements with the GARCH model.

(−16,−4) (−3,−1) (0) (+1,+3) (+4,+6) (+7,+16)

CAAe −0.12% −0.06% −0.08% ** −0.15% ** −0.03% −0.13%
Median Cae −0.01% −0.06% −0.11% −0.10% −0.17% −0.03%

Percent Positive 49.18% 44.23% 42.91% 44.59% 41.22% 49.66%
t-statistics −1.00 −1.05 −2.31 −2.45 −0.51 −1.20

N 296 296 296 296 296 296

** 95% significance level.

The table describes the effect of gas discoveries on the abnormal real exchange rate for the
entire sample with the GARCH model. In the table, the cumulative average abnormal real exchange
rate (CAAe), median cumulative abnormal real exchange rate return (CAe), percentage of positive
abnormal real exchange rate return, t-statistics, and number of observations are reported for the six
event windows.

Table 6 reveals that during the period prior to publication of the announcement, the CAAe−16,−1
did not significantly decrease, indicating that in general during this period, there was no leakage of
information regarding the content of the announcement. Alternatively, the influence of publication
of the announcement occurred a long time before the actual publication of the real exchange rate.
During this period, the Median CAe−16,−1 was almost unchanged, and 46.5% of the announcements
had a positive CAe. On the day of the announcement, there was a statistically significant decrease
of 0.08% in AAe0 (t-statistics = −2.31) in the exchange rate. This indicates that the announcements
generally strengthened the ILS. The Median CAe0 decreased on this day by 0.11%, and 42.91% of the
announcements had a positive CAe. Thus, it may be concluded that generally, the announcements
provided new information to the investors on the day of publication and contributed to the appreciation
of ILS.

During the first three days (+1,+3) following the announcement, the abnormal appreciation
increased and the CAAe+1,+3 decreased by an additional 0.15% (t-statistics = −2.45). During this
period, investors that were exposed to the first announcement were able to use a profit strategy
by shorting the real exchange rate on the day of publication and closing the position at the end of
the trading day on the third day following publication of the announcement. During this period,
the Median CAe+1,+3 decreased by 0.10%, and 44.59% of the announcements had a positive CAe.
To summarize, the GARCH regression results confirm the general outcome of event study evaluation
and confirm the hypothesis that NG-related announcements strengthened ILS.

4. Discussion

The ongoing developments in the hydrocarbon discoveries in Israel’s Exclusive Economic Zone
(EEZ), as well as in the broader region, are taking front stage in the agendas of policy makers, politicians,
and corporations. While there is a raging debate over all aspects of policy concerned with the present
and future of these valuable resources, there seems to be a growing interest in understanding the
magnitude of implications over Israel’s economy, environment, and geopolitics. It is clear that NG
will play a leading role in the foreseeable future of Israel’s energy market. Moreover, its share of the
country’s economy is growing, influencing the industrial, transportation, and financial sectors among
others, as well as macro factors of growth and employment rates.

The possible adverse effects of foreign exchange windfalls on the tradable sector have been a
recurring theme in the literature on the Dutch disease and the resource curse [16] There are alternative
windows through which researchers can get a view on the issues. Such effects can be associated with
observable variations in the production structure or data from the balance of trade and payments.
This approach is not yet possible to apply for investigating the NG impact on the Israeli economy.
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Hence, we analyze the impact of recent developments in the NG sector on the Israeli economy through
NG-related announcements and the exchange rate fluctuations.

In the investigated time period of the years 2008–2017, major NG reserves were discovered,
and fiscal and export policies were adjusted. In addition, the energy flow has changed dramatically,
crowding out imported fuels in favor of domestic NG and renewable energy in the supply mix.
The share of NG as the core feedstock for electricity increased rapidly. The pipelines to connect the
local industry to NG have been built. Contracts for Israeli NG export have been negotiated, and some
have already been approved. The announcements reflected these transformations.

We found significant evidence indicating that investors already adjust the profit strategy according
to the expectations of the large-scale export of NG. The appreciation of ILS on the day of announcements
that related to the prospects of exports and development of the NG fields provides direct evidence for
investors’ strategy in view of the expected NG export, which will lead to foreign currency inflow and
real exchange rate appreciation. Moreover, since the connection of the Tamar gas field in 2013, the
announcements regarding NG strengthened the expectations for a future currency appreciation, and
brought about a stronger reaction of foreign currency markets.

It may seem that the evidence for local currency appreciation that has occurred in relation to a
potential increase in the export of NG supports non-governmental organizations (NGOs)’ demand for
a larger share of NG to be preserved for future generations. The argument is that fast NG depletion
compromises the possibility for sustainable development. However, economic theory provides
another path for sustainable economic development. The Hartwick rule for weak sustainability
states that instead of natural resource preservation, the profit from the resource, if invested in
the development of alternative energy sources, infrastructure, education, and research, can ensure
sustainable development [39].In other words, rather than being used for consumption purposes in the
public budget, the government take from NG should be transferred to what is known as Sovereign
Wealth Fund (SWF). The SWF should be designed not only to implement the Hartwick rule, but also to
insulate the public budget from the volatilities of NG prices, and protect the economy from Dutch
disease. When invested in foreign financial markets, SWF offsets the foreign currency inflow caused by
natural resource export and mitigates domestic currency appreciation.

Pursuant to the Sovereign Wealth Fund Law 5774-2014, a fund was established for the management
of the proceeds that Israel receives from the impost on profits from NG. However, the government
income from NG has not reached the fund yet, and the political pressure to use most of the revenue to
cover public debt is high.

To summarize, the present study has shown that the classic symptom of the Dutch Disease—
exchange rate appreciation—is already in place, even though the NG export has not yet reached its
expected potential. In terms of policy implications, our research provides insights for policy makers to
embark on strategic institutional reforms and develop regulations for efficient and sustainable natural
gas extraction and utilization. Our findings indicate that the development of an optimal strategy for
the government and the central bank is a key issue. The role of SWF in mitigating the foreign currency
inflow is of high importance. Moreover, Israeli policy makers should not overlook lessons learned
from the Dutch experience (and that other small developed countries) regarding the management of
NG windfall. Appendix A: Adaptation of Events study methodology to estimation of abnormal return
for exchange rate.
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Appendix A. Adaptation of Events Study Methodology to Estimation of Abnormal Return for
Exchange Rate

First we calculate ei, the average of the daily change in the exchange rate in the estimation window
for event i, i ∈ (−300,−17) when ei,t is defined as the actual daily change in the ILS to USD exchange
rate on day t of event i.

ei =
1

284

−17∑
t= −300

ei,t (A1)

Next we calculate the abnormal return for exchange rate Aei,t, that represents the difference between
the actual exchange rate and the average daily exchange rate calculated in the estimation window on
day t of event i.

Aei,t = ei,t − ei (A2)

The average abnormal return for real exchange rate AAet for the entire sample of events at time t,
is calculated, where N represents the number of events examined at time t.

AAet =
1
N

N∑
i=1

Aei,t (A3)

The cumulative average abnormal real exchange rate return CAAei,(−16,16) in the event window (−16,16)
is calculated as:

CAAei,(−16,16) =
16∑

t= −16

AAei,t (A4)

Most of the customary methods in the literature that use Event Study Methodology utilize t-tests
in order to examine the significance of the cumulative abnormal return obtained in the previous
section [22,40].

The classic test of Brown and Warner (1985) assumes the following null hypothesis:

H0 : AAet ∼ N
(
0, σ2

i
)

(A5)

where AAei,t in our study is the abnormal real exchange rate return in the event window. The estimation
of the variance on the event day (σ2

i ) is based on the data deviations in the event window, when
the classic model assumes that the variance in the event window is equivalent to the variance in the
estimation window. In order to calculate the standard deviation of the sample:

σ(AAeN) =
1
N

√√√⎧⎪⎪⎨⎪⎪⎩ N∑
i=1

⎡⎢⎢⎢⎢⎢⎣ 1
K − 2

K∑
t=1

(
Aei,t −Aei,t

)2
⎤⎥⎥⎥⎥⎥⎦
⎫⎪⎪⎬⎪⎪⎭ (A6)

where K is defined as the number of observations during the estimation period, and Aei,t represents
the average abnormal exchange rate return during the estimation period.

Therefore, a t-test can be formulated to analyze the average abnormal exchange rate return in the
sample of N days as follows:

tCAAet =
CAAet

σAAet ×
√

N
(A7)

where tCAAet represents a statistical t-test of the average abnormal real exchange rate return during
the continuous period. In addition, CAAet represents the average abnormal real exchange rate return
during the continuous period, SAAet represents the standard deviation of the average abnormal return
in the estimation window, and N represents the number of days in the subperiod. According to the
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results obtained from the t-test for each of the subperiods in the different subgroups, the present
research examined whether there is statistically significant abnormal return.
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Abstract: This study examines the effects of strengthened environmental regulations on employment
and labor productivity in the Korean manufacturing industry using panel data from 2004 to 2015.
It divides the industry into environmental (green and non-green) and carbon dioxide emitting
(polluting and non-polluting) sectors to investigate the industrial sector’s response heterogeneity
to tightened regulations. We draw several conclusions on the basis of our empirical results. Firstly,
environmental policies measured by enacting the LCGG (Low-carbon green growth) Act led to
negative effects on labor productivity and employment in polluting industries. These negative effects
show that the polluting industries take a higher cost burden because of the environmental policies as
compared to the less-polluting industries; this finding is in line with previous studies in literature.
Secondly, the green sector is experiencing higher labor productivity and employment as compared to
the non-green sector after the tightened environmental regulations. Thirdly, the regulation-related
negative effects anticipated in polluting industries are off-set if a firm is also included in the green
sector which produces environment-related products. Hence, this result suggests that in terms
of labor productivity and employment, it is possible that the manufacturing industry enables the
achievement of sustainable development targets. While regulations negatively affect the performance
of non-green firms by increasing the costs of highly contaminated ones, in the case of the green
sector the regulations promote labor productivity and employment. This shows that a firm in the
green sector which has high carbon dioxide emissions can adapt faster than its counterparts in
a non-environmental sector in the polluting industry to the constraints imposed by strengthened
environmental regulations. These empirical results imply that there will be labor reallocation from
non-green to green sectors.

Keywords: environmental regulations; employment; manufacturing; act on low-carbon green growth;
labor productivity; Korea

1. Introduction

A frequently asked question is, do environmental regulations reduce a firm’s productivity and
employment? While no strong conclusion has emerged, countries have strengthened their domestic
and international environmental regulations. Although studies on the effects of environmental
regulations on a firm’s employment and productivity have increased [1], they mainly focus on the
effects of polluting industries and do not consider the heterogeneity effects among different sectors.
The debate on environmental regulations should be analyzed by distinguishing between green and
non-green sectors. The two sectors are defined as industries producing goods and services related to
the environment or resource recycling.
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One segment that is the focus of policy is the green sector. Environmental regulations can create
employment or so-called green jobs in this sector; this is important as these industries are regarded as
the drivers of sustainable development.

This study examines how manufacturers respond to regulations measured by the Low-Carbon
Green Growth (LCGG) strategy. Korea’s environmental regulations were strengthened in the 2000s
according to international standards. After 2010, the Government of Korea intended to simultaneously
achieve both environmental and economic goals through the LCGG project [2]. Environmental
regulations were strengthened after President Lee proclaimed ‘Low-Carbon Green Growth,’ as the
government’s goal for reducing greenhouse gas (GHG) emissions by 27–20 percent by 2020 relative
to the ‘business as usual’ scenario of 2005. The Act on Low-Carbon Green Growth was enacted on
13 January 2010 to promote the development of the national economy by laying down the necessary
foundation for low carbon, green growth and by utilizing green technologies and green industries as
new engines of growth. This research is interested in the effects that these regulations had on economic
outcomes defined as employment and labor productivity.

Greenstone [3] reviewed the effects of CAAA (Clean Air Act Amendment) on economic growth
and industrial activities using US manufacturing plant-level data. US counties received non-attainment
or attainment designations according to the air quality standards after CAAA was implemented.
His study suggests that environmental regulations led to emitters in non-attainment counties who
were subject to stricter regulatory oversight (treatment groups) losing output, jobs, and capital
investments as compared to emitters in attainment counties. His results also suggest that there
was a trade-off between environmental and economic outcomes. This is contrary to Porter’s [4]
argument that environmental regulations can promote investments and technology development.
Morgenstern et al. [5] and Lanoie et al. [6] confirm the positive effects of regulations on employment
and productivity respectively. The effects of environmental regulations on a firm’s performance are still
controversial because in addition to the enterprises’ extensive margins of entry and exit the regulations
also lead to labor reallocations between regulated and non-regulated firms asymmetrically depending
on the type of regulation [7]. So, the total economic outcomes in the general equilibrium framework
depend on the characteristics of the industries and the applied environmental policy.

In this study, we test three hypotheses. First, the Porter Hypothesis (PH) is tested in terms of labor
productivity and employment in the polluting industry. The polluting industry’s performances will
decrease more than that of the less-polluting industry under environmental regulations in keeping
with Greenstone [3] and Walker [8]. Second, dividing the firms by another criterion, namely whether
they produce environmental goods, the green sector might benefit from the regulations. Lastly, this
paper tests whether the negative effects of the regulations on a polluting establishment can be off-set if
it is included in the green sector. We use Korea Statistics’ manufacturing surveys from 2004 to 2015,
which include the periods before and after LCGG’s implementation. Manufacturing is identified as
the major emitter of harmful substances in the production and processing of paper, rubber, chemicals,
and petroleum refining. Hence, it responds sensitively and differently, depending on the emissions
in the processes and the types of products produced. In addition, green manufacturers account for
about 20 percent of this industry so it is useful to examine cross-sectional variations between these
establishments as well.

Figure 1 shows the increased energy and environmental expenditure in the manufacturing
industry from 2004 to 2016. The energy and environmental expenditure includes pollution abatement
and control expenditure (PACE) and is a proxy for domestic environmental regulations since the
expenditure is not directly related to the firms’ profit maximization behavior but to environmental
pressures by the authorities [9]. Expenditure increased sharply during the LCGG project period after
2010. This trend is useful for examining the effects of environmental regulations on economic growth
over time using the difference-in-differences method.
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Figure 1. Energy and Environmental Expenditure of Korean Manufacturing (Source: Statistics Korea).

This study contributes to the environmental economic field in which studies that inspect the
link between environmental policies and their effect on the economy are scarce outside the US.
Environmental policies covered in literature using US data include Clean Water and Clean Air
Acts [10,11], Clean Air Act Amendment [7], and Cross-State Air Pollution Rule [12]. Our empirical
results suggest that employment and labor productivity were impacted by stricter environmental
standards under LCGG in Korea and their effects were asymmetric depending on the industry’s
features. These findings have policy implications for ‘the environment versus jobs’ debate and the
possibility of sustainable development in terms of productivity.

The rest of this study is organized as follows. Section 2 reviews previous studies on environmental
regulations and firms’ competitiveness. Section 3 documents the characteristics of industries according
to CO2 emissions and environmental classifications. Section 4 explains the theoretical framework of the
relationship between regulations and a firm’s performance and sets the empirical equation. Section 5
reports the results of the estimation analysis for employment and labor productivity. The conclusion is
given in Section 6.

2. Literature Review

In the literature, the effect of regulations on a firm’s economic outcomes has been examined in
terms of productivity, investments, employment, and international trade [1]. Several studies also focus
on the manufacturing industry since it is regarded as the main culprit responsible for emitting toxic
substances and as such is a target of environmental regulations. After the famous Porter Hypothesis [4]
researchers have tested whether this hypothesis can hold.

The following studies imply that the Porter Hypothesis holds at least weakly: Lanoie et al. [6]
found the hypothesis to be consistent with Quebec manufacturing data. Their findings suggest
that the direct effect of regulations on total factor productivity (TFP) growth was negative, but the
lagged regulatory variable had a positive productivity effect. They also confirm that this effect was
stronger when the industries were more exposed to international competition. Jaffe and Palmer [13]
and Johnstone et al.’s [14] studies focus on investment activities in industries. Jaffe and Palmer [13]
suggest that lagged stringency of environmental regulations measured by pollution control expenditure
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spurred R&D activities by using a three-digit industry level and a fixed effects model. Their results
were the opposite when the model was estimated using the pooled ordinary least squares (POLS)
method neglecting industry heterogeneity. Johnstone et al. [14] and Rubashkina et al. [15] found that
innovations based on patents and R&D were not obstructed by environmental policies.

Yang et al. [16] support the Porter Hypothesis using data for Taiwanese manufacturing plants
by using pollution abatement fees and R&D expenditure. In their study, capital expenditure was not
significantly related to R&D in the case of pollution abatement. Molina-Azorín et al. [17] analyzed the
relationship between a firm’s performance and environmental practices in the Spanish hotel industry
and found that a strong commitment to environmental practices was linked to the hotels’ higher
performance levels.

Greenstone [3] used US manufacturing data with fixed effects models like Jaffe and Palmer’s [13]
study, but his results are the opposite. Ozone regulations had the strongest contemporaneous negative
effect and the overall effect of the regulations on the industry’s TFP was also negative. The dynamic
effects of regulations captured by the variations between attainment and non-attainment counties
under CAAA were negative and the opposite of PH. According to Wagner et al. [18] the hypothesis
did not hold in the European paper industry. Yuan and Xiang [19] maintain that the hypotheses for
both weak and strong versions were not supported by data on Chinese manufacturing industries,
but in the short term environmental regulations improved labor productivity and environmental and
energy efficiency. Using German data, Rexhäuser and Rammer [20] show that PH held only in those
innovations which increased a firm’s energy efficiency. Thus, empirical research on environmental
regulations’ effects on a firm’s competitiveness has reached no conclusive results [21].

The crowding-out effect in investments between clean and dirty industries is one of the reasons
why it is hard to predict the net effect of regulations in an economy. Wang and Shen [22] examined
the effects of environmental regulations in China, separating the industries on the basis of clean-
and pollution-intensive production. They concluded that clean production industries had higher
environmental productivity under regulations than dirty industries. Using the system generalized
methods of moment (GMM) and threshold regression estimation methods, they also found that
environmental regulations and environmental productivity had an inverted U-shaped relation. Gray
and Shadbegian [10] and Kneller and Manderson [23] concentrated on the crowding-out effect between
green and traditional investments (technology). According to them, environmental regulations
promoted green investments while increased investments in green technology crowded-out existing
investment activities. Gray and Shadbegian [10] explored investment decisions of US paper plants
using a multinomial logit model. They found that pollution abatement costs and expenditure (PACE)
used as a proxy of environmental investments crowded-out productive investments. Kneller and
Manderson [23] also found this substitution in UK’s manufacturing industry data using the two-step
system, GMM. More pollution abatement pressures increased environmental research and development
(R&D) and investments in environmental capital, but an increase in environmental R&D tended to
crowd-out non-environmental R&D.

These asymmetric effects of environmental regulations occur not only at the industry or plant
level but also at the common border between countries. Alpay et al. [24] used data from the food
manufacturing industry in the US and Mexico during the North American Free Trade Agreement
(NAFTA) to capture the effects of environmental regulations on each country’s productivity under
free trade. They argue that stricter environmental regulations in Mexico enhanced the industry’s
productivity growth thus corroborating PH, while US pollution regulations had an insignificant effect
on the US food industry.

When it comes to employment, the impact of green innovations in literature is ambiguous.
Kunapatarawong and Martínez-Ros [25] investigated the relationship between innovation activities
and employment using firm-level Spanish panel data. They suggest that green innovations and
employment were positively linked, especially in a dirty industry. Morgenstern et al. [5] found a weak
positive relationship between stringent environmental regulations measured by PACE and jobs using a
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structural model in four polluting manufacturing industries. They used aggregated data from pulp
and paper mills, plastic manufacturers, petroleum refiners, and iron and steel mills to estimate the
structural model based on a translog cost functional form. Yamazaki [26] and Walker [8] focused on
the re-allocative effects of regulations. Yamazaki [26] showed that in British Colombia employment fell
in carbon-intensive and trade-sensitive industries, but jobs increased in clean service industries with
the revenue-neutral carbon tax. Walker [8] found that workers reallocated from the regulated sector to
other industries within the same labor market under CAAA. Aldy and Pizer [12] investigated power
sector regulations and found that these affected jobs negatively, but they raised electricity rates and led
to higher production costs in all US firms.

Previous research using Korean data includes that by Kang and Lee [27], Kim and Ha [9], Kang
and Jo [28], Jung [29], and Lee and Choi [30]. According to Kang and Jo [28] the enforcement of the
Indoor Air Quality Control Act enabled about 652 people to find jobs during 2015-19. The following
papers show that the PH holds using proxies for environmental variables; Kang and Lee [27] concluded
that PACE, a proxy for environmental regulations, increased R&D and this effect was more significant
in the stringent regulation period (1992–2001) than during the less stringent regulation period in
1982-91. They also used industry-level manufacturing data and fixed-effects estimation. Kim and
Ha’s [9] research is similar to ours in terms of data. They used the ratio of energy and environmental
expenditure to measure environmental pressures. The effects of environmental pressures on TFP were
positive, especially in polluting industries through a lagged regulation proxy.

Studies assessing the effects of environmental regulations not the proxy variables are scarce in
case of Korea, because domestic environmental regulations are not strict. The Low-Carbon Green
Growth (LCGG) Act sets the fundamentals of environmental policies including the Emission Trading
Scheme (ETS). Article 46 of the Act states that the introduction of a cap and trade system for emissions
of GHG [2] and the pilot project for ETS was undertaken in January 2010. The carbon market
will stimulate incentives for firms to reduce their emissions; as previously announced the Act was
implemented in 2015. The GHG Inventory and Research Center was also established to construct
GHG data and manage emissions according to Article 45 [2,31]. Lee and Choi [30] show that ETS
implemented in 2015 promoted technical changes in the manufacturing industry, but this top-down
approach by the government may have limits in enhancing environmental efficiency. Jung [29]
suggests that LCGG was based on economic growth rather than ecological modernization and
green jobs were only created in traditional environmental protection and pollution reduction areas.
While this government-initiated project for achieving both economic growth and environmental
conservation has been controversial [32], environmental and energy expenditure in the country reflects
increased investments in the environmental parts (see Figure 1). We can directly analyze the effects of
environmental regulations by dividing periods into before and after LCGG.

This study contributes to literature in two ways. First, it extends the field by shedding light on
the relationship between regulations and firms’ economic performance by distinguishing the sectors
within the polluting industry. Second, it uses LCGG for measuring stringent environmental regulations
which should be helpful in assessing policy. Therefore, the results suggest new academic research and
important policy implications according to the types of sectors.

3. Data

For the empirical analysis, this study mainly uses data from the Survey on the Mining and
Manufacturing Industry from 2004 to 2015 provided by the Korea National Statistical Office’s (KOSTAT)
Microdata Integrated Service (MDIS). The mining and manufacturing surveys cover establishment
level data for firms with 10 or more employees. The surveys include the industry code at the five-digit
level and financial information such as assets, capital stock and flow, output, value added, number of
employees, wages, and the regional code.

Korea’s Ministry of Environment classifies environmental industries at a five digit-level; this is in
accordance with OECD’s environment industry standards and we mainly call it the green sector in this
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paper. The classification of environmental industries in Korea is consistent with ‘the Environmental
Goods and Services Industry’ as defined by the OECD. The definition of the environmental industry is:
activities to design, manufacture, and install environmental facilities and measuring equipment for
environmental conservation and management such as climate, air, water, environmental restoration,
environmental safety, health, resource circulation, sustainable environmental resources or services for
environmental techniques [33].

The environmental industry (or the green sector) is matched with the Korea Standard Industry
Code (KSIC9); KOSTAT provides the matching code. The environmental industry is a comprehensive
concept and is different from an eco-friendly or less-polluting industry. By definition, an industry
belongs to the environmental sector if its production is environment related. This is why this paper
uses two standards to divide establishments. For example, a plant that produces air purifiers may
generate harmful substances but it is classified as an environmental industry because the air purifiers
provide environmental services. Under this classification, retreatment of rubber tires (code 22112)
and manufacture of other industrial glass—waste glass products (code 23129)—become green and
polluting industries. Therefore, manufacturers who belong to the environmental industry are subject
to regulations. However, as the degree of regulations increases, the demand for environmental goods
and facilities also increases and this can lead to an improvement in a firm’s performance.

To identify a polluting industry that would be sensitive to regulations, this paper uses CO2

emissions data from the National GHG (Green House Gas) Emission Total Information System. The
data is constructed at the 3-digit level and is only available for 2012–15. Because of this data limitation,
we define polluting industries as those industries which are above the median of green gas emissions
every year during the period. The criteria, 2nd and 3rd groups in terciles, are also used to see whether
the main results are robust when the definition varies.

Summary statistics of the data are presented in Table 1. The results of the mean equality test
(t-test) show that the mean variables between the green and non-green sectors in each industry differed
statistically. The average size of green businesses such as output, capital, and age was larger than
that of non-green businesses. In terms of the number of establishments, the businesses in the green
sector accounted for about 21 percent of the manufacturing industry. Although the number of green
establishments is relatively small, the average number of workers is similar or higher than in the
non-green sector. The average wage of each group in the green sector is also higher. This higher salary
reflects higher human capital and production technology levels.

This paper uses the capital variable as capital stock values at the beginning and end of the year.
For calculating capital stock, we generally use the year-early data. However, there are some limitations
with the 2010 and 2015 surveys since capital stock was omitted at the establishment level (financial and
capital assets were surveyed at the firm level, so establishment level data was not reported). Hence,
because of this missing data for 2010 and 2015 this paper uses capital stock at the end of 2009 and
2014 respectively. All nominal variables such as sales, value-added, and wages are converted to real
values. In the case of sales and value added, the paper uses GDP deflators calculated by KOSTAT.
We use the capital deflators and the consumer price index (CPI) obtained from the Bank of Korea
to transform capital assets and wages to real values. The paper measures productivity using labor
productivity, which is real value-added divided by the number of workers. Workers include full-time
and irregular employees except dispatched employees. Age of the firm is measured in years from
its date of establishment. The concentration index is measured as the Herfindahl Hirschman Index
(HHI)—a square sum of shares of all establishments in the five-digit industries. The paper uses HHI for
controlling the level of competition in the industry that affects firms’ performance such as employment
and labor productivity.
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Table 1. Summary statistics of the data (by green sector and polluting industries).

A. Less-polluting Industries

Green Sector Non-Green Sector t-test

Variable Obs Mean
Standard
Deviation

Obs Mean
Standard
Deviation

Mean
Difference

CO2 40,676 3,400 7,121 155,374 3,782 13,655 −382 ***
(70.08)

Output 112,930 13,918 97,069 459,676 13,249 250,934 668
(760.32)

Value added 112,924 4,746 37,956 459,667 4,850 91,291 −104
(277.37)

Total Employment 112,930 35 100 459,676 35.8 196 −0.80
(0.60)

Labor productivity
(Output/Labor) 112,930 267 611 459,676 214 1,188 56 ***

(3.65)
Labor productivity

(Vadd/Labor) 112,924 95.4 169 459,667 80.4 315 15.1 ***
(0.97)

Average Wage 112,745 26.2 11.3 458,985 23.1 10.7 3.2 ***
(0.36)

Capital 107,459 4,659 34,217 439,110 4,263 63,609 396 **
(200.79)

Age 112,930 10.7 9.0 459,676 10.3 9.1 0.41 ***
(0.03)

HHI 112,930 0.045 0.083 459,676 0.056 0.090 −0.011 ***
(0.0003)

B. Polluting Industries

Green Sector Non-Green Sector t-test

Variable Obs Mean
Standard
Deviation

Obs Mean
Standard
Deviation

Mean
Difference

CO2 17,805 8,605 111,72 49,554 13,109 26,910 −4504 ***
(207.8)

Output 42,089 60,918 606,650 116,041 38,030 608,978 22,888 ***
(3461.6)

Value added 42,089 18,050 198,400 116,041 12,752 226,866 5298 ***
(1249.8)

Total Employment 42,089 80 570 116,041 59 365 20.7 ***
(2.44)

Labor productivity
(Output/Labor) 42,089 382 704 116,041 281 580 101 ***

(3.50)
Labor productivity

(Vadd/Labor) 42,089 118 178 116,041 97 150 20.8 ***
(0.90)

Average Wage 41,994 29.2 12.5 115,925 27.2 10.6 1.9 ***
(0.06)

Capital 41,567 18,543 151,677 114,424 15,116 258,743 3426 **
(1346)

Age 42,089 13.2 9.9 116,041 12.5 9.4 0.66 ***
(0.05)

HHI 42,089 0.038 0.076 116,041 0.041 0.062 −0.003 ***
(0.0004)

Source: The Mining and Manufacturing Survey in Korean Statistics and National GHG Emission Total Information
System. Notes: Employment is in units of people, the amount is one million won, and CO2 is 1,000 tons. The
asterisks *** and ** indicate significant at the 1% and 5% levels of significance respectively. Standard errors are in
parenthesis and HHI is the Herfindahl Hirschman Index.

In particular, the production and employment in automobiles accounts for a large portion of
the green sector such as manufacture of passenger motor vehicles (hydrogen, hybrid, photovoltaic,
and natural gas automobiles) (code 30121), manufacture of other new parts and accessories for motor
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vehicles (exhaust gas reduction devices, DPF, diesel oxidation catalysts, and DOC devices) (code 30399),
and manufacture of parts and accessories for motor engines (code 30310). This is consistent with the fact
that domestic automobile manufacturing, which is highly dependent on exports increases investments
in eco-friendly product development such as electric vehicles due to the strengthening of environmental
regulations by importing countries. In the non-green sector, manufacture of semi-conductors and
electronic components (codes 26110 and 26211), building ships and boats (codes 31114 and 31111),
manufacture of plastic products for fabricating machines (code 22240), and manufacture of parts and
accessories for motor vehicle bodies (code 30320) have soaring employment and output levels.

4. Methodology

4.1. Theoretical Framework

This section examines the mechanisms of how regulations affect a firm’s performance and the
related hypotheses. It is obvious that environmental policies increase firms’ production costs directly.
But this impact is asymmetric to economic units and depends on the differences in their production
functions and the demand that they face. This means that besides divisions between regulation-targeting
groups and others, systematic differences between the entities also lead to changes in relative costs.
The Pollution Haven Hypothesis is also based on the asymmetric effects of environmental regulations
between countries [24]. Figure 2 illustrates the asymmetric effects of environmental policies on a firm
(or industry). Here c1 and c2 indicate each sector’s compliance costs brought on by environmental
regulations. Since the polluting industries have a higher cost burden of environmental regulations as
compared to the less-polluting industries, they have higher compliance costs (c2 > c1).

Figure 2. The effects of environmental regulations in industries differentiated by the level of pollution.

Although the contemporaneous effects of regulations on firms will be negative for their
competitiveness (point 2� in Figure 2), firms take optimal decisions to react to stricter environmental
regulations. In this process, firms have the incentive to invest and develop new cost-efficient techniques
which can reduce emissions at lower costs and subsequently off-set the direct negative effects of the
policies (PH holds). Then increased pressure of the regulations in the past can have a positive impact
on economic growth.

In research, the directions that indirect effects take in productivity, investments, and jobs have
been controversial. However, if firms recover enough then their output will increase based on their
improved productivity. In particular, strengthening regulations in the case of the green sector can lead
to an increase in demand for environment-related goods and services over time by stimulating the
need for green outputs in all the sectors. This is represented in Figure 2 by point 3�. This upward
demand shift (from d2 to d′2) should lead to an increase in output and employment.
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If the industries can off-set their compliance costs (if PH holds), the regulation-induced losses in
output and employment will dissolve. The green sector, in particular, could recover its losses faster
than the non-green sector even in the polluting industries. It has an opportunity to expand its market
under environmental regulations as compared to its non-green counterparts. Figure 2 explains this
phenomenon with a demand shift excluding the price effect.

4.2. Empirical Model

This study categorizes the establishments into the environmental sector (green and non-green)
and carbon dioxide emitting (polluting and non-polluting) industries for examining the effects of
strengthened environmental regulations on employment and labor productivity. It allows estimation of
the industrial sector’s heterogeneity in response to tightened regulations in the Korean manufacturing
industry. It estimates difference-in-differences regressions with three different specifications to shed
light on the effects of tightened environmental regulations on the performance of the establishments.

The dependent variables (lnYijrt) are the logarithms of employment and labor productivity.
Employment and labor productivity are often used for measuring a firm’s performance. For calculating
labor productivity, we use both output and value–added variables. The subscripts i, j, r, and t denote
establishment, industry, region, and year of observations respectively. The main estimated equation is
specified as:

ln Yijrt = α+ β
{
Postt × Poll j ×Greeni∈S

}
+ Xγ+ μ j + θr + λt + εi jrt (1)

The purpose of the reduced form estimation is identifying the effects of environmental regulations
in the context of LCGG using the DDD (difference-in-differences-in-differences) term. The variable Postt

is an indicator of whether the year is after 2010 since the LCGG Act was enacted in January 2010. The
Act on Low-Carbon Green Growth includes the following provisions: Reduction in the consumption
of fossil fuels; reduction of GHG emissions by 27–30 percent by 2020 relative to the ‘business as usual’
of 2005; and increasing energy independence by using new and renewable energy sources. Poll j
represents the polluting industry dummy variable and Greeni∈S is another dummy variable which has
a value of one if the establishment is included in the green sector or zero otherwise. So, the estimated
coefficient of β captures the asymmetric effects of environmental regulations between industries.

This study used three specifications. First, we did the DD (difference-in-differences) regression
using interaction Postt × Poll j to confirm the effects of regulations on polluting industries; this has
also been done by previous studies. Then, we compared the green and non-green sectors using
Postt × Greeni∈S. And lastly, we applied Equation (1) to identify the regulations’ effects on the
dependent variables through an interaction among these three variables. The first and second terms of
the DD term are all included and DD specifications are also saturated.

X is a vector of other control variables such as HHI jt, ageit, ln kit, and ln wageit. HHI jt is a
concentration index measuring the degree of competition within the five-digit industries and ageit
is control for the size of a plant. lnkit is the logarithm of capital intensity calculated by capital stock
of labor and it is included in the labor productivity equation. We also use ln wageit which is the
logarithm of average wages of employees when estimating the employment equation. μ j, θr, and
λt are industry, region, and time fixed effects. These fixed effects capture the unobservable industry,
region, and time-specific characteristics. εi jrt is robust standard errors.

5. Results

This analysis focuses on examining how a plant responds to the adoption of new environmental
regulations through the interaction term between the policy period’s indicator and industry variables.
Table 2 shows the results of labor productivity and employment estimations for polluting industries.
Columns 1–3 give the results comparing six years before and after LCGG and Columns 4–six compare
four-year effects. The DD terms in the table show significantly negative effects with the magnitude of
the effects becoming larger when we consider a longer period. Labor productivity decreased about
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5–6 percent and employment decreased 3 percent during the six years. These significantly negative
effects were consistent when 2nd and 3rd groups in terciles were used instead of median to define the
polluting industries. This implies that the increased costs induced by strengthened regulations led to a
decrease in employment and productivity and this was not a temporary effect. This is consistent with
previous studies [3,8,18].

Table 2. Estimation results based on labor productivity and employment as dependent variables for
polluting industries.

Dependent
Variable

2004–2009 vs. 2010–2015 2006–2009 vs. 2010–2013

ln(Vadd/L) ln(Y/L) ln(L) ln(Vadd/L) ln(Y/L) ln(L)

Models (1) (2) (3) (4) (5) (6)

Post × Poll −0.055 *** −0.052 *** −0.029 *** −0.019 *** −0.011 ** −0.012 **
(0.003) (0.004) (0.004) (0.004) (0.005) (0.005)

ln(K/L) 0.181 *** 0.249 *** 0.182 *** 0.249 ***
(0.001) (0.001) (0.001) (0.001)

ln(wage) 0.357 *** 0.360 ***
(0.002) (0.003)

Age 0.004 *** 0.004 *** 0.018 *** −0.023 −0.02 0.045
(0.0001) (0.0001) (0.0001) (0.027) (0.032) (0.030)

HHI −0.024 −0.019 0.001 0.004 *** 0.005 *** 0.019 ***
(0.018) (0.022) (0.022) (0.0001) (0.0001) (0.0001)

Constant 3.433 *** 4.206 *** 2.226 *** 3.515 *** 4.319 *** 2.185 ***
(0.019) (0.027) (0.019) (0.023) (0.033) (0.024)

Observations 702,553 702,560 729,649 469,347 469,347 483,937
R-squared 0.324 0.392 0.264 0.315 0.389 0.267

Industry FE yes yes yes yes Yes yes
Year FE yes yes yes yes Yes yes

Region FE yes yes yes yes Yes yes

Notes: The robust standard errors are in parenthesis. Five-digit-level industry, region, and year fixed effects are
used for all columns. Columns 1–3 give the results comparing the 2004–2009 and 2010–2015 periods and Columns
4–6 compare 4 years before and after LCGG. HHI is the Herfindahl Hirschman Index and K/L is capital intensity.
Post indicates period after 2010 and Poll means polluting industry at the 2–3 digits level. The asterisks *** and **
indicate significant at the 1% and 5% levels of significance respectively.

In Table 3, we divide establishments into green and non-green sectors since we expect a positive
demand shift to the green sector. This classification focuses on the product a plant supplies while
polluting industries are defined as a sensitive group by the policy because of the emissions in their
production processes. The estimated coefficients of interaction Postt × Greeni∈S are positive and
significant except for Column 6. This means that the green sector relatively experienced enhanced
productivity and employment as compared to the non-green sector after LCGG.

Table 4 gives the results of the estimation of Equation (1). In terms of labor productivity, the DD
terms show highly statistically significant effects. The green and non-green sectors in the polluting
industries responded differently to the imposed regulations considering labor productivity. An
establishment in a polluting industry had a decrease of about 6–7 percent in productivity after the
regulations (Columns 1 and 2). However, these negative effects were off-set if the establishment
was included in the green sector in the polluting industries. It also seems that there were a few
productivity gains in this establishment. These positive effects on labor productivity in the green
sector came from demand effects because we control the substitution between capital and labor
using capital intensity. Hence, our results confirm that environment related industries are a key to
understanding the consequences of environmental regulations. Although polluting industries face a
higher burden because of the relatively higher compliance costs of the regulations, however, if they
produce environment related goods or use environment related processes in their production, then
these negative impacts could be canceled out.
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Table 3. Estimation results based on labor productivity and employment as dependent variables for
the green sector.

Dependent
Variable

2004–2009 vs. 2010–2015 2006–2009 vs. 2010–2013

ln(Vadd/L) ln(Y/L) ln(L) ln(Vadd/L) ln(Y/L) ln(L)

Models (1) (2) (3) (4) (5) (6)

Post × Green 0.037 *** 0.019 *** 0.011 *** 0.023 *** 0.013 ** 0.007
(0.004) (0.004) (0.004) (0.005) (0.005) (0.005)

ln(K/L) 0.183 *** 0.252 *** 0.185 *** 0.252 ***
(0.001) (0.001) (0.001) (0.001)

ln(wage) 0.378 *** 0.381 ***
(0.002) (0.003)

Age 0.004 *** 0.005 *** 0.019 *** −0.025 −0.02 0.046
(0.0001) (0.0001) (0.0001) (0.027) (0.032) (0.030)

HHI −0.025 −0.017 0.01 0.004 *** 0.005 *** 0.019 ***
(0.018) (0.022) (0.022) (0.0001) (0.0001) (0.0001)

Constant 3.421 *** 4.186 *** 2.135 *** 3.499 *** 4.297 *** 2.096 ***
(0.019) (0.027) (0.019) (0.023) (0.033) (0.024)

Observations 702,553 702,560 729,649 469,347 469,347 483,937
R-squared 0.322 0.39 0.252 0.312 0.386 0.255

Industry FE Yes yes yes yes Yes yes
Year FE Yes yes yes yes Yes yes

Region FE Yes yes yes yes Yes yes

Notes: The robust standard errors are in parenthesis. Five-digit level industry, region, and year fixed effects are
used for all columns. Columns 1–3 give the results comparing the 2004–2009 and 2010–2015 periods and Columns
4–6 compare four years before and after LCGG. HHI is the Herfindahl Hirschman Index and K/L is capital intensity.
Post indicates the period after 2010 and Green means environmental industry at the five-digit level. The asterisks
*** and ** indicate significant at the 1% and 5% levels of significance respectively.

Table 4. Estimation results based on labor productivity and employment as dependent variables for
the green sector in polluting industries.

Dependent
Variable

2004–2009 vs. 2010–2015 2006–2009 vs. 2010–2013

ln(Vadd/L) ln(Y/L) ln(L) ln(Vadd/L) ln(Y/L) ln(L)

Models (1) (2) (3) (4) (5) (6)

Post × Green × Poll 0.040 *** 0.069 *** −0.008 0.025 ** 0.044 *** −0.004
(0.008) (0.009) (0.010) (0.010) (0.011) (0.012)

Post × Poll −0.068 *** −0.071 *** −0.028 *** −0.027 *** −0.023 *** −0.012 **
(0.004) (0.005) (0.005) (0.005) (0.006) (0.006)

Post × Green 0.029 *** 0.002 0.012 *** 0.017 *** −0.0001 0.006
(0.004) (0.005) (0.004) (0.005) (0.006) (0.005)

ln(K/L) 0.181 *** 0.249 *** 0.182 *** 0.249 ***
(0.001) (0.001) (0.001) (0.001)

ln(wage) 0.356 *** 0.360 ***
(0.002) (0.003)

Age 0.004 *** 0.004 *** 0.018 *** −0.027 −0.022 0.043
(0.0001) (0.0001) (0.0001) (0.027) (0.032) (0.030)

HHI −0.029 −0.021 −0.0005 0.004 *** 0.005 *** 0.019 ***
(0.018) (0.022) (0.022) (0.0001) (0.0001) (0.0001)

Constant 3.435 *** 4.206 *** 2.227 *** 3.517 *** 4.319 *** 2.186 ***
(0.019) (0.027) (0.019) (0.023) (0.033) (0.024)

Observations 702,553 702,560 729,649 469,347 469,347 483,937
R-squared 0.324 0.393 0.264 0.315 0.389 0.267

Industry FE yes yes Yes yes Yes Yes
Year FE yes yes Yes yes Yes Yes

Region FE yes yes Yes yes Yes Yes

Notes: The robust standard errors are in parenthesis. Five-digit level industry, region, and year fixed effects are
used for all columns. Columns 1–3 give the results comparing the 2004–2009 and 2010–2015 periods and Columns
4–6 compare 4 years before and after LCGG. HHI is the Herfindahl Hirschman Index and K/L is capital intensity.
Post indicates the period after 2010 and Green means environmental industry at the five-digit level. Poll is dummy
of polluting industry at the 2–3 digit level. The asterisks *** and ** indicate significant at the 1% and 5% levels of
significance respectively.
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In Columns 3 and 6, we use total employment as the dependent variable. The estimated coefficients
of the DD terms are negative and not significant. This means that the green and non-green sectors in
the polluting industries are not different considering the intensity of the regulations’ effects. Plants in
polluting industries reduce their employment but this reduction is not recovered within the industry
and jobs increase in plants, including those in green and less polluting industries. This evidence
implies a trade-off between green and non-green sectors within the brown industries only in labor
productivity. And establishments in the green sector in less-polluting industries have a marginal
increase in employment (Column 3). The main results are consistent when another criterion is used for
a Poll indicator, but the off-set to a loss captured by DDD terms diminishes.

6. Conclusions

This study examined the effects of strengthened environmental regulations on employment and
labor productivity by dividing the industries based on two criteria: environmental classification (green
and non-green sectors) and carbon dioxide emissions (polluting and less-polluting industries). It used
establishment-level panel data from 2004 to 2015 including the period in which the Government
of Korea implemented the Low-Carbon Green Growth Act. Our empirical results lead to several
conclusions. First, environmental regulations have negative effects on economic outcomes in polluting
industries. Second, these effects are asymmetric between green and non-green sectors and this
taxonomy is as important as whether a firm emits a larger quantity of CO2 emissions which has been
the main focus of previous studies. Finally, the positive effects in the green sector can off-set a part of
the negative effects of the polluting industries. This suggests that plants producing environmental
goods in polluting industries were not hit hard by the environmental regulations.

This study contributes to environmental policy related research as it not only considers the effects
of the regulations on the manufacturing industry but also considers the asymmetric effects between the
green and non-green sectors. In Korea, the environmental industry has attracted attention as the driving
force for new growth in the low-carbon green growth policy [34]. As environmental regulations have
been strengthened internationally, the need for eco-friendly processes and environmental goods has
increased. Environmental regulations or pressures could stimulate job creation and labor productivity
in the green sector or at least these will not hinder the performance of this group even though it emits
substantial greenhouse gases. Nonetheless, the emitters in the non-green sector suffered because of the
regulations and their productivity reduced. Therefore, restrictions and subsidies should be applied to
firms considering their specific characteristics and GHG emissions.

This research has some limitations. First, it does not capture labor reallocations between
industries or within local areas. Second, it uses 2–3 digit level data during 2012–15 to define polluting
industries based on their CO2 emissions. Accounting for other pollutants, such as SO2 and use of
an expanded dataset at the firm level will be informative. These limitations of the dataset may have
hampered an accurate estimation of the effects. The empirical method in the paper was conducted
without consideration of the firm dynamics accounting for the entry and exit of establishments.
If future researches can capture input reallocation and decompose it between intensive and extensive
margins, this enables distinguishing the differences in the regulations’ effects on environmental and
non-environmental sectors more clearly. In an attempt to reduce uncertainty, given data availability,
future research can conduct more systematic sensitivity analysis of the results by accounting for the
weaknesses listed above.
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