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Abstract
This paper examines the strong version of the Porter hypothesis (PH) using a huge inter-
national firm-level dataset of approximately 800,000 observations during 2010–2015. To 
examine the impacts of the environmental policy stringency (EPS) on firms’ inefficiency, 
this paper applies the technical inefficiency effects model of stochastic frontier analysis 
to examine the nonlinear impacts from the total EPS index and four policy instruments 
of standards, tax, trading schemes, and research and development subsidies. To address 
potential endogeneity, predicted EPS indices are employed in the estimation. Empirical 
results indicate that the strong PH holds for both the aggregate total and all individual envi-
ronmental policy instruments when EPS exceeds the threshold. The estimated results by 
policies and industries are qualitatively nearly the same. Empirical findings validate that 
the strong PH holds when environmental regulations are tightened beyond a certain level. 
Finally, the “appropriate mix of instruments” instead of “best instrument” is recommended 
by this paper.
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Introduction

Under the global movement of achieving net-zero emissions by 2050 [1], the environ-
mental policy stringency (EPS) have becoming higher and higher in the global village. 
The EPS affects not only the environmental but also production performance of the firm. 
Although the environmental, social, and corporate governance (ESG) has become a cen-
tral feature of policymaking [2], some industries contend that it has a negative impact on 
corporate profits due to compliance costs. In contrast, many researchers and policymakers 
assert that more environmental regulations are needed to achieve the ceiling of 2 °C tem-
perature increase target encoded in the Paris Agreement [3, 4].

While stricter environmental regulation imposes compliance costs, it can also stimu-
late environmental innovation among regulated firms, and the benefits of such innovation 
may exceed its costs. The Porter hypothesis (PH) refers to the mutually beneficial state that 
arises between environmental policy and industrial performance [5, 6]. Specifically, the 
stricter the environmental regulation, the higher the compliance cost on regulated firms, 
which stimulates incentive toward environment-friendly innovation. When the benefits of 
the innovation exceed the costs, the regulation is then stricter, and innovation offset occurs 
[6]. Consequently, the relationship between EPS and economic performance could be non-
linear, and it should be examined when PH exists as well as when nonlinearity exists. Even 
though PH has been a famous hypothesis, the existing literature obtains different empirical 
findings about it, making it still a hypothesis instead of a theorem.

Various environmental policies have been implemented based on the political context in 
countries and regions since the end of World War II. The command-and-control approach 
was introduced in developed countries to mitigate air and water pollutants. With the grow-
ing recognition of global warming, northern European countries have introduced carbon 
taxes in the early 1990s, achieving some success [7]. Since its foundation in 2005, the 
European Union Emissions Trading Scheme (EU ETS) represents the largest greenhouse 
gas emissions trading scheme in the world. Subsidies have also been used in many coun-
tries to promote political accessibility. Differences in the effects of policy measures should 
be investigated in the context of the PH.

Many studies that will be reviewed in the next section examine the strong PH by meas-
uring total factor productivity (TFP) in the first step, then regressing TFP on environmental 
policy stringency (EPS) and other control variables. Notably, this approach estimates the 
production frontier without considering the effects of EPS.

This research instead explores the relation between EPS and the firm’s production inef-
ficiency. Similar arguments can be drawn from the literature on the relation between EPS 
and TFP. A more rigorous EPS should first increase the firm’s production inefficiency 
because the firm has to spend resources and efforts in adjusting its production in order to 
meet the upgraded EPS. However, as the EPS gets even higher, it can help the firm reduce 
production inefficiency because of more advanced production technology and processes.

This paper will examine the strong PH using the stochastic frontier analysis (SFA) and 
examine the nonlinear effects of the EPS on firms’ inefficiency. The research questions of 
our study are as follows:

• How does EPS affect firm performance?
• Is the impact of EPS linear or nonlinear?
• How does the impact of EPS differ by policy instrument?
• What is the recommended policy direction for each country in the sample?
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This study’s contributions are fourfold. First, it estimates a production frontier, consid-
ering the influence of EPS. The technical inefficiency effects model capable of simultane-
ously estimation of both the production frontier and inefficiency factor [8] will be adopted.

Many studies measure economies’ and firms’ TFP change in an intertemporal direction 
in the first stage to analyze how TFP changes with ESP in the second stage, whereas this 
study measure firms’ TFP in a cross-sectional direction within the same period, taking EPS 
as an explanatory variable. Our results provide alternative information for policymakers to 
strategically develop environmental policies. Second, we use a huge multinational dataset, 
which is obtained from the ORBIS of the Bureau Van Dijk. Third, we examine the non-
linear impacts of EPS on firms’ inefficiency, incorporating the squared term of EPS into 
the model, which enables us to uncover the heterogeneous influences of EPS on firms’ 
efficiency. Finally, we examine the impacts of EPS using the total stringency index as well 
as individual policy instruments, including standards, emission taxes, trading schemes, and 
research and development (R&D) subsidies.

The remainder of this paper is organized as follows. The “Literature Review” section 
presents a review of related empirical literature on the influence of environmental policy 
on firms’ efficiency. The “Methology and Data” section describes our data and research 
methodology. The “Empirical Results” section presents the research findings, a discussion 
of the main results, and related policy implications. The “Concluding Remarks” section 
offers our conclusions.

Literature Review

The PH highlights the relationship between environmental policy and industrial per-
formance [5, 6]. Jaffe and Palmer [9] distinguish three levels of the PH. The weak ver-
sion implies that properly designed environmental policy stimulates innovation, wherein 
whether the innovation improves firms’ performance does not matter. The strong version 
implies that tightening EPS improves overall economic performance, inducing innovation. 
The narrow version implies that flexible environmental policy encourages firms’ innova-
tion. This study specifically investigates the strong version of the PH.

Over the past few decades, a considerable number of studies have tested the PH.1 For 
the strong version, the empirical results are mixed, whereas [11–16] support the strong ver-
sion of the PH, [17–22] do not.2 Costantini and Mazzanti [23] and De Santis [24] also do 
not support the strong PH for export. Franco and Marin [25] test both strong and weak ver-
sions of the PH by using European countries’ data, showing that environmental taxes have 
positive impacts on productivity.

Recent studies investigate the nonlinear and heterogeneous effects of environmental pol-
icies, including case studies of specific countries on the strong and weak forms of the PH. 
Xie et al. [26] test the strong PH for China’s 30 provinces using a slack-based measure and 
the Luenberger productivity index, finding both market-based regulation and command-
and-control to have nonlinear effects on TFP growth. Using SFA, van Leeuwena and Moh-
nen [27] use a Dutch manufacturing firm-level panel dataset to estimate the relative effect 

1 Cohen and Tubb [10] provide a meta‐analysis of 103 publications regarding the PH.
2 [12] support the strong version of the PH for Mexico but not for the USA. Lanoie et al. [14] support the 
PH for the lagged regulatory variable and a subgroup of industries that are more exposed to international 
competition.
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of environmental regulations on eco-investment and eco-innovation. The authors determine 
that the weak-form PH is supported, whereas the strong version of PH is not supported. 
Shen et al. [28] investigate the heterogeneity of the influence of various environmental reg-
ulations on TFP in China’s industries. Using the index of metafrontier Malmquist–Luen-
berger productivity and threshold model, the authors determine that the optimal interval of 
environmental regulation varies, depending on types of regulations, command-and-control, 
market, and types of industries.

Li et al. [29] also apply the Malmquist–Luenberger productivity index to China’s iron 
and steel enterprises, finding that the relationship between market incentive environmental 
regulation and total factor environmental governance efficiency is an inverted U-shaped. 
However, no statistically significant relationship between command control environmental 
regulation and the efficiency is observed.

In a cross-country comparison, Albrizio et al. [30] test strong PH, examining industry- 
and firm-level productivity growth in OECD countries. The authors find stricter environ-
mental policies to have a positive effect for the most productive firms, but a negative effect 
on less productive firms. Wang and Shao [31] also employ the panel threshold regression, 
finding a single structural breakpoint for market EPS and two breakpoints for nonmar-
ket EPS in G20 countries. Examining the effects of environmental policy on productiv-
ity changes, Wang et  al. [32] demonstrate that the strong PH holds for OECD countries 
when EPS is lower than a certain level. Lei et al. [16] also supported the strong PH using 
Chinese A-share listed companies’ data. Analyzing the profitability of publicly held firms 
in the chemical manufacturing industry in the USA; Rassier and Earnhart [33] find that 
tighter water regulation meaningfully lowers profitability and does not support the strong 
PH. Rexhäuser and Rammer [19] used firm-level data from Germany, and although their 
empirical findings generally do not support the strong PH, the authors assert that the con-
clusion depends on the type of environmental innovation. Liu et al. [22] also do not sup-
port the strong PH in Chinese textile, printing, and dyeing firms, using a difference-in-
differences regression model with propensity score matching. Recently, Shuai and Fan [34] 
construct the green economy efficiency using the super-efficient data envelopment analysis 
model in 30 provinces in China. They find a U-shaped relationship between the derived 
efficiency and environmental regulation. Besides, Wu and Lin [35] construct the energy 
environmental performance index of China’s iron and steel industry using the data envelop-
ment analysis method and present that it has a U-shaped relationship with the environmen-
tal regulation intensity.

As noted previously, while the nonlinear effects of EPS on productivity have been 
widely examined, the effects of policy measures, including taxes, standards, and R&D sub-
sidies, have not yet been fully investigated, except by Wang et  al. [32]. How each envi-
ronmental policy affects firms’ inefficiency is remains an open question. This paper hence 
fills the gaps in previous research by examining the PH under the non-linear relationships 
between enterprise inefficiency and EPS.

Methodology and Data

Methodology

We employ the technical inefficiency effects model [8] to examine how EPS affects firms’ 
inefficiency, assuming the following translog production function: 
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where Yit is the operating profit; Lit is labor employment; Kit is the amount of fixed assets as 
a proxy for capital stock; i indicates the firm; t indicates year; DCountry, DIndustry, and DYear are 
dummy variables for country, industry, and year, respectively; and vit − uit is the error com-
ponent term of a stochastic frontier, in which vit is the usual statistical noise and uit is a non-
negative inefficiency term. It is assumed that vit ∼ N(0, �2

v
) and uit ~ N+(μ, σu

2) with μ > 0.
The determinants of firms’ inefficiency are estimated by the following equation:

where EPSit is the EPS index and �it is the stochastic noise ( �it ∼ N(0, �2

�
) ). We estimate 

Eqs. (1) and (2) in one stage, using the maximum likelihood method.3
In a relationship between choosing EPS indices and firms’ responses, potential endo-

geneity problems due to reverse causality or simultaneity could arise between EPS and 
firms’ performance [30]. Countries with highly productive companies are more likely to 
lead strict regulations, and vice versa. For this problem, we construct the predicted EPS 
indices using seemingly unrelated regression (SUR) with exogenous variables, to estimate 
Eqs. (1) and (2) by using them instead of the actual EPS indices.

First, in our SUR estimation, EPS is predicted by using Eqs. (3) and (4):

where GDPPCct is GDP per capita, Popdenct is population density, Polityct is the degree 
of democracy, GESct is the government expenditure share of GDP, and TOct is trade open-
ness. Corresponding to the EPS being based on a 3-year average, these variables are also 
based on a 3-year average. The predicted EPS value ÊPSct is used for the stochastic estima-
tion for firm i in country c at year t.

Our study analyzes the nonlinear relationship between EPS and firms’ inefficiency by 
using industry analysis, in order to estimate the effects of environmental policy instruments 
on coke, chemical, non-metallic, and metal industries which are energy-intensive. It then 
finds out how the impacts of EPS on firms’ performance differ between energy-intensive 
and non-energy-intensive industries and among individual energy-intensive industries.

Data

All firm data are obtained from the ORBIS database provided by the Bureau Van Dijk. 
The data period covers 2010 to 2015. Thirty-three countries are selected based on the 
availability of data on the EPS.4 All monetary values are expressed in the 2012 US dollars 
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3 To capture the nonlinearity of the impacts of EPS, we also employ [36]’s model to examine non-mono-
tonic efficiency effects; however, the maximum likelihood estimator in the model fails to converge. Hence, 
to investigate the influences of EPS in more detail, we adopt a traditional technical efficiency effects model 
[8].
4 The countries in the dataset include Australia, Austria, Belgium, Brazil, Canada, China, Czech Republic, 
Denmark, Finland, France, Germany, Greece, Hungary, India, Indonesia, Ireland, Italy, Japan, Korea, the 



1544 Circular Economy and Sustainability (2024) 4:1539–1558

1 3

using the producer price index of the US Bureau of Economic Analysis. The industrial 
classification of the firm data follows the four-digit level of the Statistical Classification 
of Economic Activities in the European Community (NACE) Rev. 2. We include firms 
that are classified as manufacturing by NACE Rev. 2 from ORBIS. Our dataset includes 
approximately 800,000 observations of 216,000 manufacturing firms in 33 developed and 
developing countries.

The EPS index is obtained from the OECD.5 There are two issues related to the exami-
nation of the strong PH. One is how to measure EPS, which was once difficult to meas-
ure; however, the OECD developed and released the EPS index. The OECD EPS is a new 
cross-country measure of environmental policy that allows for a multi-dimensional EPS 
comparison between countries by indexing the proxy variables in the range of zero (nonex-
istent) to six (most stringent). The scores are cardinal and constructed based on the infor-
mation of each instrument, including the values of emissions limit, tax rate, price of one 
 CO2 allowance, and government R&D subsidy expenditure as a percentage of GDP.6 The 
EPS index is widely employed in studies of the PH [30–32]. Here, we use five types of EPS 
indices, including total, standards, emissions taxes, trading schemes, and R&D subsidies. 
Following [30], we use 3-year average index values.

For the SUR estimation, GDP per capita, population density (person/km2), proportion 
of government R&D subsidy expenditure to GDP, and trade openness are obtained from 
the OECD Stat. The Polity Index [38] is obtained from the Polity V project website.7 We 
use the Polity2 score, which is a composite index measuring the degree of democracy rang-
ing from − 10 (strong autocracy) to 10 (strong democracy). The above five related variables 
are used as exogenous in the SUR estimation and also calculated as 3-year average index 
values. A summary of the variables’ statistics is presented in Table 1.

Empirical Results

Empirical Results for the Manufacturing Industry

Table  2 demonstrates how tightening environmental policies affect firms’ efficiency by 
policy instruments, simultaneously estimating Eqs. (1) and (2) by using the maximum like-
lihood method. The actual and predicted EPS indices are calculated using Eqs. (3) and 
(4) are the efficiency determinant variables. We also estimate linear models without the 
quadratic term of EPS for each instrument. For each EPS index, the nonlinear model is pre-
ferred to the linear model using the likelihood ratio test at a 1% significance level; hence, 
we only present the results of the nonlinear models.

For the total, standards, and emissions taxes, as shown in columns (1)–(6), the estimated 
signs of δ1 and δ2 between the actual and predicted EPS indices are the same. The positive 
sign of δ1 and the negative sign of δ2 suggest that an inverse U-shaped relationship exists 
between EPS and firms’ efficiency, implying that tightening environmental policy increases 

5 OECD Stat, Environmental policy Stringency Index: https:// stats. oecd. org/ Index. aspx? DataS etCode= EPS
6 For details, see [30, 37].
7 The website address is http:// www. syste micpe ace. org/ inscr data. html.

Footnote 4 (continued)
Netherlands, Norway, Poland, Portugal, Russia, the Slovak Republic, Slovenia, South Africa, Spain, Swe-
den, Switzerland, Turkey, the UK, and the USA.

https://stats.oecd.org/Index.aspx?DataSetCode=EPS
http://www.systemicpeace.org/inscrdata.html
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firms’ inefficiency in the early stage, and then reduces it in a later stage. Note that a positive 
(negative) sign of the coefficients in the inefficiency equations signals that such variables 
indicate an inefficiency (efficiency-)‐enhancing factor in the technical inefficiency model. 
The results imply a U-shaped relationship between EPS indices and firms’ productivity for 
total, standard, and emissions taxes. For trading schemes and R&D subsidies, the signs 
of δ1 and δ2 in columns (8) and (10) are also positive and negative, respectively, when the 
predicted EPS indices are the explained variables, also implying a U-shaped relationship.

Accordingly, a strong PH holds when regulation is stricter than the threshold in total 
and individual EPS indices. Although the strong PH holds, each differs among the five 
indices. The thresholds can be calculated by –δ1/(2δ2), using the estimated coefficients, 
presented in Table 2. The threshold of the EPS is 1.449 for the total. Among the four 
individual policy instruments, the thresholds of EPS, in descending order, are 0.381 
for trading schemes, 0.774 for emission taxes, 1.067 for R&D subsidies, and 2.110 for 
standards. The smaller the threshold, the more likely the strong PH will hold; hence, 
as the government tightens environmental regulations, trading schemes will reach the 
threshold in which average policy impact changes from negative to positive sooner than 
other policy instruments. Among the four instruments, from the perspective of reducing 
of greenhouse gas and air pollutant emissions, emissions taxes and trading schemes are 
determined to be key market-based measures, which we will feature in our discussion of 
proposed policy implications in the “Policy Recommendations” section.

In summary, the strong PH holds for both the total and all individual environmental 
policy instruments when each of the EPS indices exceeds the threshold. The domain in 
which the strong PH holds depends on the policy instruments, as threshold values vary.

Table 1  Summary of variable statistics

Variable Unit Obs Mean SD Min Max

Economic variables
Labor Person 1,407,804 260.2 3,284.7 0.000 399,381
Fixed asset USD 1,988,582 22,383.4 893,806.4  − 1,165.545 2.44E + 08
Operating income USD 2,055,089 5,479.4 221,640.7  − 3.04E + 07 6.81E + 07
Environmental stringency index
Total 0–6 2,515,047 1.987 1.001 0.375 4.028
Standards 0–6 2,519,480 3.246 1.685 0.500 6.000
Emissions taxes 0–6 2,519,480 1.613 0.535 0.000 3.917
Trading schemes 0–6 2,515,047 0.917 1.149 0.000 4.733
R&D subsidies 0–6 2,519,480 1.755 1.060 0.000 6.000
Variables for SUR
GDP per capita USD 198 32,552.290 13,657.180 3,789.940 66,170.500
Polity Index  − 10 to + 10 198 8.901 3.072 –7.000 10.000
Population density person/km2 198 82.559 42.468 22.938 193.920
Government expenditure 

share of GDP
% 198 42.229 22.730 11.100 106.014

Trade openness % 198 147.548 136.823 2.767 518.113
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Empirical Results by Environmental Policy Instruments and Industries

Table 3 (parts a–e) presents the results of Eqs. (1) and (2) by environmental policy instru-
ments and industries. Surprisingly, the positive sign of δ1 and the negative sign of δ2 are 
observed for all the predicted EPS estimates and are statistically significant at least at the 
10% (and 1% or 5% levels in most models), except standards for paper industry in column 
(4) of Table 3 (part b) and R&D subsidies for the chemical industry in column (8) of Table 3 
(part e). These results suggest that a strong PH holds for energy-intensive industries as well 
as non-energy-intensive industries when each of the EPS indices exceeds its threshold.

Figure 1 illustrates the estimated thresholds by industries, which are calculated as 
–δ1/2δ2 using the estimated parameters in Table 3 (parts a–e). The line for standards 
is higher than others, implying that standards must be considerably tightened to reach 
the circumstance in which the strong PH hypothesis holds. Among the four kinds of 
policy instruments, the strong PH is more likely to hold for each industry in descend-
ing order of trading scheme, emissions tax, R&D subsidy, and standards. The impact 
of strengthened environmental policies may vary depending on industries, even among 
energy-intensive industries. Relatively lower thresholds for the paper and metal indus-
tries imply that they are more likely to hold the strong PH than the coke, chemical, and 
non-metallic industries for each of the four instruments.

0.0

0.5

1.0

1.5

2.0

2.5

3.0
T
h
re
sh
o
ld

Industry

Total Standard Emission taxes Trading schemes R&D subsidies

Fig. 1  The estimated thresholds by environmental policy instruments and industries. Note: The thresholds 
for each environmental policy instrument are derived from the estimated coefficients in Table 3 (parts a–e) 
as − δ1/2δ2
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Policy Recommendations

Emission tax and trading scheme are undoubtedly efficient policy instruments among envi-
ronmental policy instruments [39]. There is no consensus on whether emission taxes and 
trading schemes are preferable in the recent carbon pricing argument. Stavins [40] compare 
these two instruments in details. Emission trading requires more administrative costs than 
environmental taxes; however, it should also be noted that a simple environmental tax can 
be complicated by legislation. Transaction costs, monitoring, and enforcement should also 
be considered. As is well known as the Weitzman theorem, under uncertainty, an emission 
tax can offer higher efficiency gains than an emission trading if and only if marginal abate-
ment costs are steeper than marginal emission damage curve [41].

In this subsection, we present policy recommendations for the sample countries. As men-
tioned above, emissions taxes and trading schemes are two major environmental instruments. 
We focus on these two policies among the five instruments examined in our study and sug-
gest the policy directions for them. For this purpose, Fig. 2 illustrates the mean EPS for the 
two policies of the sample countries are mapped into Fig. 2, with four regimes based on the 
thresholds of these two policies for the manufacturing industry presented in Table 2. The verti-
cal red line presents the threshold value of emission taxes (0.774), and the horizontal red line 
presents that of trading schemes (0.381), which are obtained from the estimated parameters for 
the predicted EPSs in Table 2. The two lines divide the figure into four regions. Our discussion 
of the policy implications of each region follows below. The mean shares of energy-intensive 
industries to the total manufacturing industry from 2010 to 2014 are presented in the size of 
bubbles,8 which are also presented with country codes. The bubbles for developed and devel-
oping countries are drawn in blue and white, respectively. The definitions of developed and 
developing countries follow the classification of the International Monetary Fund.9

We next consider the policy recommendations for each of the four domains (Appendix, Table 4).

(1) Policy recommendations for the countries in Regime I

Out of the 33 sample countries, 21 are located in Regime I. Although most of them are 
developed countries, the three developing countries, Hungary (HU), Poland (PL), and Slo-
vakia (SK), are also located there. For the countries plotted in Regime I, strengthening both 
emissions taxes and trading schemes would enhance firms’ productivity. It is clear that the 
strong PH fully holds in these nations. The policy recommendation for the countries in 
Regime I is that further strengthening both emissions taxes and trading schemes should be 
encouraged, as represented by the green arrow in the figure.

(2) Policy recommendations for the countries in Regime II

Regime II has only two countries, Greece (GR) and India (IN), for which EPS indi-
ces for emissions taxes are smaller than the threshold, and the opposite result for trading 
schemes. The policy recommendation for these two countries is to raise emissions tax rates 

8 Data is unavailable for the year 2015. (See Fig. 2 note.).
9 The IMF classification of developed and developing countries are sourced from https:// www. imf. org/ en/ 
Publi catio ns/ WEO/ weo- datab ase/ 2021/ April/ select- count ries? grp= 110& sg= All- count ries/ Advan ced- econo 
mies

https://www.imf.org/en/Publications/WEO/weo-database/2021/April/select-countries?grp=110&sg=All-countries/Advanced-economies
https://www.imf.org/en/Publications/WEO/weo-database/2021/April/select-countries?grp=110&sg=All-countries/Advanced-economies
https://www.imf.org/en/Publications/WEO/weo-database/2021/April/select-countries?grp=110&sg=All-countries/Advanced-economies
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rather than strengthening trading schemes, as represented by the orange arrow, as stricter 
trading schemes would increase inefficiency in the early stage due to inverse U-shaped 
characteristics.

(3) Policy recommendations for the countries in Regime III

Regime III includes three developing countries: Brazil (BR), Indonesia (ID), and South 
Africa (ZR). They have zero EPS for trading schemes. Furthermore, India has zero EPS not 
only for trading schemes but also for emission taxes. Environmental regulation should be 
strengthened in the three countries. Considering that the establishment of a well-designed 
and operational emissions trading system is difficult, the policy indicated for the above 
three developing countries is not to establish a new emissions trading system but to levy 
environmental taxes and to raise rates, as indicated by the brown arrow.

(4) Policy recommendations for the countries in Regime IV

Regime IV involves seven countries with EPS indices for trading schemes that are 
smaller than the threshold, and the opposite result for emissions taxes. These countries 
can be divided into two groups. The first group includes three developing countries, China 
(CN), the Russian Federation (RU), and Turkey (TR), which are located on the left side in 

Fig. 2  Current policy positions of market-based environmental policies and recommended policy direc-
tions. Note: The mean actual EPS indices concerning emissions taxes and trading schemes in the sample 
period are plotted for the sample countries. The size of bubbles represents the mean shares of energy-inten-
sive industries to the total manufacturing industry from 2010 to 2014, which are calculated using the data 
from the World Input–Output Database (WIOD). Because data on 2015 are unavailable in the latest WIOD, 
the mean shares are taken from 2010 to 2014. Data on South Africa were unavailable in the WOID; there-
fore, its energy-intensive industry share is not shown in the figure. The bubbles for developed and develop-
ing countries are drawn in blue and white, respectively. See Appendix for the country codes and regions.
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Regime IV, for which emissions tax rates are higher than the threshold, but are relatively 
low. In general, emissions taxes more directly affect a wider range of economic activities 
than emissions trading. The policy recommendation for the three countries is that emis-
sions tax rates should be raised at first, followed by the arrangement of operational emis-
sions trading markets, as indicated by the yellow arrow. The second group in Regime IV 
includes four developed countries, Canada (CA), Japan (JP), South Korea (KR), and Swit-
zerland (CH), which are located on the right side in Regime IV. These countries have con-
siderably laxer regulations concerning trading schemes, despite being developed nations. 
For example, Japan has no nationwide market for emissions trading schemes, and cap-and-
trade programs are only implemented in Tokyo metropolitan area and Saitama prefecture. 
The policy recommendation for these four countries is to expediently establish emissions 
trading markets, as suggested by the blue arrow in Fig. 2.

In sum up, the policy recommendations are (i) strengthening emission taxes and trading 
schemes for the countries in Regime I, (ii) raising the emission tax rates for the countries in 
Regime II, (iii) imposing emission taxes and raising the rates for the countries in Regime 
III, and (iv) raising emission tax rates or establishing trading schemes. Needless to say, the 
above policy recommendations should be implemented according to the actual situation in 
each country. Many of the countries plotted in Regime II and III are developing countries. 
It is important to note that how political instability and bribery influence the formation 
of environmental policy. Fredriksson and Svensson [42] show that corruption has a nega-
tive impact on the stringency of environmental policies; however, this impact is reduced as 
political instability increases due to the effect where incentives for corruption decrease as 
the probability of the government remains in office drops.

Because EPS thresholds for energy-intensive industries for emissions taxes and trad-
ing schemes (0.813 and 0.442) are very close to those in the manufacturing industry, with 
0.774 and 0.442, respectively, the above policy recommendations are applicable not only 
for the entire manufacturing industry but for all energy-intensive industries.

Although previous studies indicate the effective interval of EPS [26, 28, 31, 32], and 
distinctions between policy instruments only consider two types of market and nonmarket 
[29, 30, 32], our results reveal shapes of the impact on inefficiency for each EPS index, 
allowing us to propose policy directions for each of major developed and developing coun-
tries. An important contribution of this paper is to demonstrate the nonlinearity of the pol-
icy effect for each policy measure. This made it possible to present specific prescriptions 
based on each country’s actual policy position.

Concluding Remarks

If the strong PH that posits that tightening EPS leads to improved economic performance 
holds, a mutually beneficial relationship between environmental protection and firm com-
petitiveness is established. It is crucial to examine whether the hypothesis is valid in terms 
of the feasibility of sustainable growth. Accordingly, a significant amount of research has 
been conducted on the development of the PH.
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The previous studies have different empirical results of the famous Porter hypothesis. 
This study examines the strong version of the PH under nonlinear relationships by using 
huge panel microdata with approximately 800,000 observations of 33 developed and 
developing countries during the period of 2010–2015. For this purpose, stochastic fron-
tier models are employed to estimate the nonlinear effects of EPS on firms’ efficiency. 
The strong PH for both total EPS and each policy measure are empirically tested. To 
address potential endogeneity problems, the predicted EPS indices which are generated 
by the SUR model are used as the explanatory variables in the estimation.

Our results reveal that the relationship between EPS and firms’ inefficiency (produc-
tivity) are inverse U-shaped (U-shaped) at total and individual environmental policy 
instrumental levels. This implies that the strong PH holds for an instrument when its 
stringency is stricter than a certain level. The thresholds vary among the four individual 
policy instruments, with 0.381 for trading schemes, 0.774 for emissions taxes, 1.067 for 
R&D schemes, and 2.110 for standards, in descending order. Accordingly, among the 
four environmental policy instruments examined, the strong PH is more likely to hold in 
this order for each industry. Since threshold values vary depending on the policy instru-
ment and type of industry, the extent of the EPS where the strong PH holds also varies. 
Among energy-intensive industries, the paper and metal industry is more likely to hold 
the strong PH than coke and chemical industries for each of the four instruments.

In summary, we emphasize that the impact of environmental policies on firms’ inef-
ficiency depends on the policy instruments applied, their magnitude, and time periods. 
Consequently, governments should strategically choose policies based on their long-
term effect. A reasonable arrangement of environmental policy instruments establishes 
a mutually beneficial scenario [31]. To achieve green economic growth, the appropriate 
“mix of instruments” should be pursued rather than the “best instrument” [43].

This study provides a useful reference for environmental policy instrumental choices 
in developed and developing countries at various stages of economic development. 
However, the following limitations exist here: (1) A combination of heterogeneous 
policy instruments should be examined in future research. (2) The weak and narrow 
PHs should also be verified, using data on innovation and green R&D expenditure. (3) 
The long-term effects of environmental policies on firm productivity must be identified. 
These three limitations can be relaxed by future research.
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Appendix

Table 4

Table 4  List of countries

Regimes I–IV of each country reflect on Fig. 2

No Country Code Regime

1 Poland PL I
2 Sweden SE I
3 Belgium BE II
4 UK GB II
5 Austria AT III
6 Brazil BR III
7 Finland FI III
8 Germany DE III
9 Greece GR III
10 India IN III
11 Indonesia ID III
12 Ireland IE III
13 Netherlands NL III
14 Portugal PT III
15 Russian Federation RU III
16 Slovenia SI III
17 South Africa ZA III
18 Turkey TR III
19 USA US III
20 Australia AU IV
21 Canada CA IV
22 China CN IV
23 Czech Republic CZ IV
24 Denmark DK IV
25 France FR IV
26 Hungary HU IV
27 Italy IT IV
28 Japan JP IV
29 Norway NO IV
30 Slovakia SK IV
31 South Korea KR IV
32 Spain ES IV
33 Switzerland CH IV
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