
Introduction

The environmental degeneration problem caused by 
human activity and economic development has caused 
widespread concern, and environmental evolution has 
been comprehensively studied. From 1970s to 1980s, the 
study on the relationship between the environment and 
development preferred the notion that economic growth 
caused the environmental degradation according to the 

materials balance paradigm, thus the famous conclusion 
was presented that development should be limited [1]. In 
the macro-level, climate change was studied as the main 
driving force of environmental change [2]. Different 
geological sediments in wide temporal scale were studied 
as evidence of the environmental change process [3]. 
However, relevant studies are focused on the relationship 
between development and pollution. Tilman et al. [4] 
analyzed the influences of agricultural development on 
environmental change according to the eutrophication 
caused by extensively applied chemical fertilizers. Tong 
and Chen [5] made statistical and spatial analyses to 
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examine the statistical and spatial relationships of land 
use and water quality in waters in the State of Ohio. 
Although the different methods and various theories 
are more and more accurate and microcosmic for the 
study of environmental problems recently, the statistical 
relationship with an inverted-U shape between the income 
per capita and environmental degradation proposed by 
Grossman and Krueger [6] has always been discussed, 
interpreted, and applied in the study of the relationship 
between the development and pollution under the concept 
of sustainable development in two decades [7-9]. This 
statistical relationship was called EKC for its similar 
shape to the Kuznets curve.

To a certain degree, the discovery of the EKC 
phenomenon changed the pessimistic prediction about 
the relationship between development and environment 
degradation. In a theoretical aspect, the supporters consider 
the hypothesis as the best and probably the only way to 
attain a decent environment in most countries [10]. The 
dissident discussed the reasonability of the methodology 
and the interpretation of EKC according to the statistics 
and neoclassical production [11-12]. The explanation of the 
hypothesis was described in three aspects. Firstly, the scale 
of production implies that expanding production caused 
economic development while resource consumption and 
environmental degeneration was led by the expanding 
scale of the economy. Secondly, productivity in terms of 
using less, ceteris paribus of the polluting inputs per unit of 
output. Thus, technical progress leads to a general increase 
in gross productivity and lower emission per unit of output 
[13]. And finally, under rapid development, structural 
transformation toward information-intensive industries 
and services, increasing environmental awareness, 
enforcement of environmental regulations, advanced 
technology, and higher environmental expenditure relieves 
environmental degradation [14]. In empirical aspects, the 
types of main contaminants combined with the GDP or 
income per capita have been comprehensively studied. 

Orubu and Omotor [15] discussed the EKC relationship 
between the pollutants in air and water (total suspended 
particulates, TSP, and organisms in water) and income per 
person in Africa and proposed that the inverted-U cover 
only existed in air pollution and development. Dogan et 
al. [16] believed that the EKC relationship exists in CO2 
emissions and income in the Organization for Economic 
Cooperation and Development (OECD) and concluded 
that the turning point of the inverted-U curve emerged 
when the secondary industry in total GDP was around 
40%. The empirical investigation of EKC about the 
water contaminant (biological oxygen demanded, BOD) 
was carried out in 97 countries and showed that the EKC 
relationship was more significant in North America and 
Europe than that in Asia, Africa, and Oceania [17]. Chen 
et al. [18] tested the EKC relationship between solid waste 
and income for ensuring the effects of different waste 
management measures. The aggregated material flows 
were analyzed with the EKC hypothesis in EU and the 
analysis results showed that the weak EKC relationship 
existed between economic growth and material flows [19]. 

In a technological aspect, the new estimation technique 
was introduced into the empirical research to prove the 
EKC phenomenon. Martinez-Zarzoso and Maruotti 
[20] presented the hidden Markov regression models 
to estimate the relationship between pollution and the 
development of 28 countries. 

According to the aforementioned introduction, 
undoubtedly the large number of empirical research that 
used different methods were taken to explain the EKC 
phenomenon based on the EKC theory [21]. However, 
two main unsatisfactory phenomena can be grasped in the 
empirical level. The first is that the different contaminants 
have different EKC relationships with different shapes 
(inverted-U, N, etc.) and different inflection points and 
even some empirical studies have shown that the EKC 
relationship was not available [22]. Second, there is no 
feedback to economic production from environmental 
damage for it is assumed that the income factor is an 
exogenous variable. The assumption is that environmental 
damage does not reduce economic activity sufficiently to 
stop the growth process and that any irreversibility is not 
so severe that it reduces the level of income in the future 
[23].

Aiming at the current deficiency in EKC research, 
this paper presents a new explanation about the EKC 
hypothesis in the microcosmic view. We analyzed the 
EKC mechanism based on cost and revenue according to 
the microeconomics in the different EKC relationships of 
the different pollutants in different areas. Moreover, we 
treated economic growth as the endogenous variable that 
could be affected by environmental degradation. Finally, 
we undertook the empirical investigation with data of 
CO2, N2O, and methane emissions in the U.S. to illustrate 
the explanation.

Material and Methods

Theoretical interpretation 

Our research is based on several assumptions. The 
primary assumption is that economic growth is the 
social production which can be produced and evaluated  
with nature resource consumption capacity. The  
secondary assumption is that economic growth is 
production rigidity.

In the view of economics, the marginal revenue of 
a commodity or service is the gain from an increase or 
loss from a decrease in the consumption of a commodity 
or service. When economists sometimes speak of a law 
of diminishing marginal utility, they mean that the first 
unit of consumption of a commodity or service yields 
more revenue than the second and subsequent units with 
a continuous reduction for greater amounts. In EKC 
phenomenon, the same thing happens. When we are poor, 
the utility from the development is more obvious than when 
we are rich. Meanwhile, we prefer development to resource 
and environment when we are poor. Thus, producers are 
willing to consume more environmental resources for 
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development. That the consumer is willing to pay more 
in environmental resources for utility from development 
leads to the producer’s private marginal cost being less 
than the social marginal cost. The externality makes 
producers high revenue. However, when development is 
no longer important for the richer consumer, the consumer 
is not willing to pay more in environmental resources to 
gain the same utility at the same time. This means that 
producers’ marginal revenue descends and the marginal 
cost ascends until the marginal revenue equals the 
marginal cost. We assumed the functions of total revenue, 
total cost, marginal revenue, and marginal cost to show the 
explanation directly as follows:

TR = P × Q

…where TR is total revenue, P is market price, and Q is 
the quantity of the commodity or service.

Marginal revenue is the derivative of total revenue, 
thus the function of the marginal revenue should be as 
follows:

MR = ΔTR/ΔQ = P

…where MR is marginal revenue.
In the view of economics and finance, marginal cost 

is the change in the total cost, which is increased when 
the quantity is changed in one unit. This is the production 
cost of one more unit of a commodity. In general terms, 
marginal cost at each level of production includes all the 
additional costs required for the production of the next 

unit [24]. According to the change tendency of total cost, 
we assumed the function of the total cost as follows:

TC = A × Q2 + B × Q + C

…where TC is the total cost and A, B, and C are constants 
of more than 0.

MC = ΔTC/ΔQ = 2 × A × Q + B

…where MC is the marginal cost.
According to the marginal decision rule, a commodity 

or service should be produced at a quantity at which 
marginal revenue is equal to the marginal cost [25]. Thus 
the balance quantity of the commodity or service should 
be calculated as follows:

MR = MC

P = 2 × A × Q + B

Q = (P - B)/(2 × A)

Based on the marginal decision rule, we divided 
the EKC into four stages as in Fig. 1. In the first stage, 
marginal revenue is above marginal cost. In this stage, 
consumers prefer to pay more for utility. Thus, the 
producer could consume more environmental resources 
without additional cost. The market price ‘P’ is equal to 
the marginal cost value in the balance point. ‘P’ is more 

Fig. 1. Theoretical interpretation of EKC hypothesis. 
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than ‘B,’ so we should increase the quantity of investment 
of the resource and environment for the more income. In 
the second stage, the fact that the consumer is willing to 
pay declines, making less marginal revenue. This makes 
the marginal revenue curve descent and the market price 
lower, meaning that the value of the new balance point 
is less than the former. Then the new price ‘P1’ is less 
than ‘P,’ and the new optimal quantity of commodity 
‘Q1’ is less than ‘Q.’ Meanwhile, environmental resource 
consumption is the investment need to be reduced to 
produce the new quantity of income in the new balance 
point. In the third stage, the consumer’s willingness to pay 
continues to descend. Rich consumers are not willing to 
gain income by pollution and emissions. For producers, 
it leads to less marginal revenue and more marginal 
cost. If the marginal cost has no change, the new price 
descends from ‘P1’ to ‘P2.’ Meanwhile, the quantity of 
production descends from ‘Q1’ to ‘Q2.’ According to 
the aforementioned functions, the optimal quantity of 
productions is negative when ‘P2’ is less than ‘B.’ Based 
on the hypothesis and functions, reducing the value of 
marginal cost is the reasonable way. ‘Q2’ is not more than 
‘Q1’ until ‘A’ and ‘B’ were reduced to ‘A1’ and ‘B1.’ 

In EKC phenomenon, the economic structural upgrade, 
science development, and new technology are the main 
mechanisms for reducing the resource and environment 
consumption per economic index. In the fourth stage, the 
process of the third stage continues to occur. Resource and 
environmental consumption as the investment continues 
to descend. That makes the inverted U-shape EKC. 
However, the resource and environment consumptions 
per economic index will ascend when the marginal cost 
is less than the market price. That makes the N-shaped 

EKC. Based on the explanation above, we inferred that the 
EKC should be a wave shape abstractly in a long-enough 
run. Moreover, the developed area has the less marginal 
revenue of economic growth than the developing area. 
Thus the EKC hypothesis is proved more easily in the 
developed than in the developing.

Empirical method

Our paper aims to research the relationship between 
economic growth and environmental degradation. For this 
purpose, the regression approach has been adopted for 
analysis. However, the use of time series data for analysis 
requires testing of stationarity and co-integration of all the 
variables, and the problem of spurious regression shall be 
taken into account.

Stationarity test

In mathematics, a stationary processed a stochastic 
process in which joint probability distribution is not 
changed with time or space. Consequently, existing 
parameters such as the mean and variance are not changed 
with time or even their positions.

Let {Xt} be a stochastic process, and FX(xt1+τ,..., xtk+τ) 
represents the cumulative distribution function of the  
joint distribution of {Xt} at times t1+τ,…,tk+τ. Then, {Xt} 
is stationary if FX(xt1+τ,..., xtk+τ)=FX(xt1,…,xtk), for all k, τ, 
and t1+τ,…,tk+τ. Given that τ does not affect FX(.), then 
FX is not a function of time.

In this study, stationarity analysis is used to avoid the 
pseudo relevance among the variables in the model and as 
the basis of co-integration.

Fig. 2. Research region map. 
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Co-integration test

If two or more series are individually integrated (in 
the time series sense) and several linear combinations of 
them have a lower order of integration, the series are co-
integrated. For example, the individual series are the first-
order integrated [I(1)], but several (co-integrating) vectors 
of coefficients forms a stationary linear combination. Co-
integration is the pre-test of the Granger causality. The 
Granger causality may exist in the co-integration.

Index t-Statistic 5%
Level probability Order

GDP per 
person -4.95 -3.51 0.0012 1

CO2 -4.58 -2.92 0.0005 1

N2O -4.24 -1.95 0.0001 1

methane -2.33 -1.96 0.023 1

Table 1. Stationarity test result.

Fig. 3. EKC phenomenon in the U.S and other countries. 
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Results and Discussion

General situation of the research zone

Fig. 2 shows the GDP data of U.S. and economic  
growth accelerating to $1.5×1013 in 2011. The develop-
ment speed was especially faster after the 1980s. In 
contrast with the economic growth of the U.S., the 
tendency of the main pollutant emissions is more complex, 
as CO2 emissions increased to 6×106 kilotons. From the 
1960s to the 1970s, the growth of CO2 emissions was 
fast. After the middle of the 1970s, emissions descend 
obviously. From the 1980s to 2009, the emissions ascend 
in a relatively lower speed. The N2O emissions of the U.S. 
have the different tendency from CO2. From 1960 to 1995, 
emissions have continued to ascend. Then the emissions 
descend obviously from 1996 to 2002. After 2003, there 
is no obvious tendency in N2O emissions. The methane 
emissions from 1990 to 2009 are a U-shaped curve. From 
1990 to 2001, methane emissions descend. The opposite 
tendency occurs from 2002 to 2009.

EKC phenomenon in the U.S.

We used the data of GDP per person as the economic 
index and CO2, N2O, and methane emissions as the 
environmental index to analyze EKC in the U.S. For the 
universality of the phenomenon, we used the CO2 emissions 
data and GDP per person data of Australia, China, Central 
Africa, Japan, and Demark as the contrastive study. Based 
on Fig. 3, the relationship between the economic index 
and the environmental index has no inverted U-shaped 
curve except for studies in Australia and central Africa. 
In contrast with the inverted U-shaped curve, the wave 
shape curve fits the relationship between development 
and emissions more reasonably. This indirectly proves 
our hypothesis on the EKC mechanism. According to 
conditions in the U.S., the wave-shaped curve occurs in 
CO2 and N2O emissions. The methane emissions curve 
shows the U-shape relationship between development and 
emissions.

Index Hypothesized Trace Statistic 1% Level 5% Level Probability

GDP per Capita None 24.31 19.94 15.49 0.0018

CO2 At most 1 8.95 6.63 6.63 0.0028

GDP per Capita None 18.77 - 15.49 0.0154

N2O At most 1 6.71 6.63 - 0.0096

GDP per Capita None 19.73 - 15.49 0.0108

methane At most 1 1.97 - 3.84 0.1608

Table 2. Co-integration test result.

Fig. 4. Curve between GDP per person and CO2 emissions. 
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Stationarity and co-integration tests

Aiming to avoid a spurious correlation, we introduced 
the stationarity test and co-integration test into our 
research. We used data of GDP per person and CO2 from 
1960 to 2010, N2O from 1980 to 2009, and methane from 
1990 to 2009. In order to avoid the tendency of time series 
data, we adopted the logarithm of the data. Thus, the ADF 
(augmented Dicker-Fuller) test was used to analyze the 
stationarity with E-views software (Table 1).

According to Table 1, there is no unit root of time series 
data in the first order. In other words, the time series data 
of economic growth and pollution in the U.S. is the first-
order stationarity. Thus the co-integration relationship 
may exist between each other.

Based on the stationarity test, for the time series data 
has the same order, the co-integration test is available and 
important to the regression (Table 2).

According to Table 2, there are at most two regression 
functions between the GDP per capita and CO2, at most 
two regression functions between the GDP per person 
and N2O, and at most one regression function between the 
GDP per person and methane.

Results

According to the stationarity test and the co-integration 
test, there are some relationships between GDP per person 
and emissions in the U.S. Fig. 4 shows the EKC between 
the logarithm of GDP per person and CO2 emissions. The 
curve is not the classic inverted U-shape, but a wave-shaped 
curve. But in some intervals, the inverted U-shaped curve 
between the economic index and the environmental index 
is obvious. In stage I, the U.S. income level is relatively 
low and the consumer was willing to discharge more 
CO2 to gain the higher income. That made the producer 
discharge more CO2 for more revenue. For the producer, 
discharging more CO2 to produce more fortune until the 
marginal revenue equals the marginal cost. 

In stage II, the inverted U-shaped curve is an almost 
perfect environmental Kuznets curve. In this stage, the 
income level is relatively higher and the consumer has 
no desire for more CO2 emissions for more income. 
This means that the marginal revenue descended from 
the original balance point. For gaining more revenue, 
the producer descends the marginal cost by upgrading 
economic structure, science, and technology. That 
makes for more income and less CO2 emissions. But in 
stage III, the ascendant CO2 emissions occur along the 
‘unconventional’ curve. The marginal cost continues to 
descend so that the marginal cost is less than the marginal 
revenue. For optimal revenue, the producer discharges 
quantities of CO2 for more fortune to satisfy the customer’s 
utility. After stage III, the curve will repeat the process of 
stage II. Meanwhile, the wave-shaped curve relationship 
between GDP per person and CO2 emissions proved our 
hypothesis about the EKC in a long time series.

Fig. 5 indicates the EKC relationship between N2O 
emissions and GDP per person in the U.S. Based on the 

above graph, the N2O and GDP per person curve showed 
the same phenomenon as the CO2 emissions. The graph 
below shows the U-shaped curve in contrast to the 
classic inverted-U EKC. The marginal cost continued to 
descend, in turn pointing to the marginal cost being less 
than the marginal revenue so that methane emissions were 
ascendant.

Discussion 

In contrast with the EKCs of Australia, China, Central 
Africa, Japan, and Demark, the traditional curve is not 
obvious in our research. The statistics analysis proved 
that there are correlations between U.S. development and 
emissions data and the of emissions data. However, the 
analysis of relationships between the economic index 
and environmental index of the U.S. indicated that there 
is no inverted U-shape or N-shape in the long-term 
series research. The wave-shaped curve between the 
GDP per person and CO2 emissions proved our guess 
about the mechanism of EKC indirectly. That the utility 
of a consumer’s income descent leads to a lower market 
price. Then a producer’s marginal revenue descends along 
with the market price. In our research, this means that to 
discharge more greenhouse gas (GHG) for more fortune to 
satisfy the consumer’s utility is unable to get more revenue 
at the constant of marginal cost. For more revenue, the 
producer has to make less marginal cost than the optimal 
market price via the more effective economic structure 
and technology. That makes for a classic inverted-U EKC. 
Once the marginal cost is much less than marginal revenue, 
the producer prefers to discharge more greenhouse gas to 
satisfy a consumer’s utility of increasing income. That 
makes for a wave-shaped curve in a long-term series.

Conclusions

Our work presents a microeconomic explanation 
about the EKC hypothesis that differs from the traditional 

Fig. 5. Curves between GDP per person and N2O and methane 
emissions. 
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macroscopic view, and the empirical investigation of the 
EKC hypothesis was proposed with the case in the U.S. 
The wave-shaped curve was proven between the CO2 and 
GDP per capita based on the stationary, co-integration, 
and regression tests. The same relationship between N2O 
and the economy existed in the U.S., and we presented the 
microeconomic interpretation about the new wave shape 
relationship in empirical research. According the current 
research, the conclusion that growth is the only and best way 
to deal with environmental degradation is overoptimistic 
in some sense. The fact that education and promotion 
reduces the willingness to pay more resources for more 
income is more significant for reducing the marginal 
revenue of producing fortune. The fact that economic 
structural upgrade and technological development reduces 
resource consumption is also significant for reducing the 
marginal cost of economic development.

Thus our future work will be focused on two aspects: 
to confirm the quantitative marginal utility and marginal 
cost in the empirical research and prove our explanation 
directly; and to confirm the quantitative impact of the 
natural and social index.
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