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Abstract: This paper analyses the relationship between Nitrous Oxide emissions, agricultural land
use, and economic growth in Pakistan. Agriculture largely contributes to Nitrous Oxide emissions.
Hence, models of agriculture induced Nitrous Oxide emissions are estimated in addition to models
of total Nitrous Oxide emissions. Estimated models accommodate more flexible forms of relationship
between economic growth and emissions than those of the widely adopted models in testing the En-
vironmental Kuznets Curve. The Auto-Regressive Distributed Lag (ARDL) bounds testing approach
to co-integration and the vector error correction model approach is applied to test the Environmental
Kuznets’s Curve hypothesis for Pakistan and to detect the directions of causality among variables
using the time series data for the period 1971 to 2012. Results indicate that an N-shaped rather than
an inverted U-shaped relationship exists in the case of Pakistan. The tipping values for total Nitrous
Oxide emissions and agriculturally induced Nitrous Oxide emissions indicate that Pakistan passes
through a phase of increasing environmental degradation. Increases in agricultural land use and per
capita energy use will increase the level of Nitrous Oxide emissions. However, controlling Nitrous
Oxide emissions from agricultural land use and per capita, energy use without adversely affecting
economic development will be a serious policy challenge for Pakistan.

Keywords: Environmental Kuznets Curve; nitrous oxide emissions; economic growth; agricultural
land used; energy used per capita; Pakistan

1. Introduction

The emissions of Greenhouse Gases (GHG) such as Carbon Dioxide (CO2), Sulphur
Dioxide (SO2), and Nitrous Oxide (N2O) have increased significantly in agrarian economies
through the extensive adoption of highly intensive production systems in livestock and crop
farming [1]. Among these gasses, the N2O is currently the leading ozone-depleting element
as chlorofluorocarbon (CFC) emissions have been virtually eliminated [2]. According
to a recent report (see Table 1) by the United States Environmental Protection Agency
(US-EPA), N2O has more than 300 times stronger warming effect than that of CO2 [3].
Agriculture is the major source of N2O emissions and anthropogenic sources account for
about 70% of agriculturally induced N2O [4]. About 63% of agriculturally induced N2O
emissions come from the direct use of soils according to Tian et al. [5]. Compared to
CO2 emissions, the gasses such as N2O less likely to spread beyond the borders and have
serious long-term consequences on human health and welfare [6]. By 2100, the total N2O
emissions from the production of chemical fertilisers are estimated to be four times the
present levels of emissions [7,8]. Therefore, agricultural economies like Pakistan should
be more concerned about N2O emissions especially during the phases of rapid economic
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expansion. The relationship between N2O emissions and economic growth needs to be
investigated to help design agricultural policies that strike a sustainable balance between
economic growth and the environment [9,10]. However, the link between N2O emissions
and economic growth remains a considerably less researched subject, in particular, in the
context of developing countries.

Table 1. Global Warming Potentials of Green House Gases Compared to CO2.

Greenhouse Gas Global Warming Potential Compared to CO2 Estimated Atmospheric Life in Years

Carbon Dioxide (CO2) 1 30–95
Methane (CH4) 25 times 12

Nitrous oxide (N2O) 310 times 114
Sulphur hexafluoride (SF6) 22,800 times 3200

Hydrofluorocarbons (HFCs), 13 species 92 to 14,800 times 12
Perfluorocarbons (PFCs), 7 species 7390 to 12,200 times -

Source: The United States Environmental Protection Agency, 2016, Intergovernmental Panel on Climate Change (IPCC) Report.

The economic development of Pakistan depends heavily on agriculture which ac-
counts for 19.5% of gross domestic product (GDP), and employs 42.3% of the labour force.
The industrial sector, fast-growing value-added industries in particular, depends heavily
on agriculture for raw material and critical inputs [11,12]. It also plays a central role in
export earnings, food security, and poverty reduction.

The main objective of this study is to examine the relationship between N2O emissions
and economic growth and determine whether the relationship follows an Environmental
Kuznets Curve (EKC) in Pakistan. This is achieved by estimating models of total and
agriculturally induced N2O emissions which are derived from the basic model of EKC.
The estimated models relate total and agriculturally induced N2O emissions to economic
growth (GDP), agricultural land used (ALU), energy used (ENU), and exports (EXP).
The ARDL bounds testing approach which is preferable for short samples is employed to
capture the short-run and long-run dynamics of the models [13]. The outcomes of the study
are expected to help formulate environmentally friendly policies for sustainable economic
development [14–16]. The rationale for this study rests on at least two important facts.
First, the number of studies on the nexus between N2O emissions and economic growth
is significantly less compared to the studies on CO2 and economic growth. In particular,
there is a dearth of country-specific studies on the subject. The fact that the N2O emissions
are relatively more concentrated and less likely to cross borders, highlights the importance
of country-specific studies for effective policymaking in different countries [17–19]. The re-
cent study by Duodu [20] confirms that N2O emissions are a local pollutant that is mostly
produced from agricultural activities; fertiliser use, and agricultural soils. The reason is
that N2O emissions are not majorly by-products of industrial activities. “It also stems from
the use of fertilisers and general agricultural activities. Since developing countries are more agrarian
and their economic activities may lead to an increase in N2O emissions” (p. 32). This study also
highlights that the N2O emissions have been neglected in previous studies and policy
debate and confirmed that there is no evidence for the Pollution Haven Hypothesis (PHH)
for N2O emissions in the case of Sub-Saharan African (SSA) countries which are mostly
the developing countries while PHH is confirmed for the CO2 emissions which indicates
that comparing the results for Organisation for Economic Co-operation and Development
(OECD) and SSA countries, the results also show that trade makes SSA countries rela-
tively dirtier because of the global externality of CO2 emissions. Similarly, US-EPA [3]
shows concern over the devastating effect of N2O emissions on the environment which
is more damaging to the ozone layer which also highlights the importance to study the
N2O emissions.

Second, Pakistan is fast approaching a state where environmental degradation will be a
serious policy challenge mainly for reasons such as the dominance of the agricultural sector
and the development of energy projects currently underway. In Pakistan, the agricultural
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sector is expected to remain a major leading sector of economic growth with a potential
for substantial increases in N2O emissions in the future while the energy projects being
established under the China Pakistan economic corridor (CPEC) are coal run and bound to
contribute to the rising levels of GHG emissions. The government has expressed a strong
commitment to combat climate change and meet GHG reduction targets which can only
be realised through a comprehensive understanding of the factors responsible for GHG
emissions in the country. Nonetheless, to the best of the authors’ knowledge, there has
been no previous study that examined the link between N2O emissions, agricultural land
used, and economic growth in Pakistan.

The rest of the paper is organised as follows. Section 2 presents an analysis of observed
trends in the total and agriculturally induced N2O emissions and their determinants.
Section 3 presents a brief literature review of previous studies on EKC. A description of the
model, data, and methodology is presented in Section 4. Section 5 presents an analysis of
the estimated results. Conclusions and policy implications are provided in the last section.

2. N2O Emissions in Pakistan

Pakistan is primarily an agrarian economy that has experienced a noticeable increase
in the level of N2O emissions over time. Figure 1 shows that, in per capita terms, the to-
tal and agriculturally induced N2O emissions have followed similar trends in Pakistan.
Both variables show rising trends between 1971 and 1985, and a decline in 1986 caused
by an increase in the cost of production due to an increase in fertiliser prices which is the
main cause of a decrease in the N2O emissions. After the fifth five-year plan (1978–1983),
the government of Pakistan reduced the subsidy for fertiliser and the share of fertiliser in
the overall agriculture GDP declined from 5.7 to 3.6% in the sixth five-year plan (1983–1988)
which is caused by a sharp decline in the public sector investment in the agriculture sector
which leads to a decline in overall agriculture activity, which further affects the agricul-
ture share in development outlay which substantially decline from 20 (1978–1983) to 16%
(1983–1988) [21]. On the other hand, data shows a significant increase in population growth
in the same period [22]. This is also another reason for a decline in the N2O emissions in
this period as we take the data in per capita N2O emissions. However, after which the agri-
culturally induced N2O emissions per capita remain relatively unchanged. The increased
modernisation in the agricultural sector by new technologies and the growth of the shares
of industry and services sectors in GDP may have been mainly responsible for these trends.
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Figure 1. Total and Agriculturally Induced N2O Emissions (per capita) in Pakistan. Source: World Development Indicators (WDI).

However, the levels of N2O emissions in Pakistan are relatively higher than interna-
tional standards. The data for the year 2012 shows that Pakistan per capita N2O emissions
is 0.27 thousand metric tons (CO2 equivalent) which is much higher than the neighbouring
counties like India have a per capita N2O emissions is 0.19 thousand metric tons (CO2



Sustainability 2021, 13, 2808 4 of 19

equivalent) in the same year while Bangladesh is 0.18, Afghanistan is 0.23, Maldives is 0.08,
and Sri Lanka is 0.14 thousand metric tons (CO2 equivalent) per capita [23].

The high level of N2O emissions has several consequences. It creates smog that
paralyzes routine life in Pakistan during the winter season by reducing visibility to a few
meters and costs significantly to the economy. Further, it can cause serious damages to the
ambient atmosphere by creating various nitrate compounds [24]. Many thermal power
plants in Pakistan add to the level of N2O, as these are run by coal. Industrial furnaces
produce a temperature higher than 1700 ◦C, due to which the nitrogen (N2) and oxygen
(O2) react with each other and form N2O [25]. Combustion of oil mainly visible in vehicular
transportation is the second-largest producer of N2O emissions. Apart from industrial
sources, residential areas also contribute to the rise in N2O emissions through the level
of humidity, improper usage of burners, and heights of buildings. Vehicular congestion,
a result of the ever-growing population in Pakistan, generates traffic fumes and causes
N2O emissions in residential areas [26]. According to Relwani et al. [27] and Himmel and
DeWerth [28], the high tipping yellow flame produced by cooking also contributes to N2O
emissions in residential areas. The tall buildings do not directly add to the level of N2O
emissions, yet they resist ventilation and sunlight in the neighbourhood that increases the
usage of air-conditioning systems [29].

Figure 2 shows the linear and positive relationship between per capita income and per
capita energy used in Pakistan in general over the years. Since 2007 this trend has slightly
changed, and per capita energy use shows a decline while per capita income continues
to grow. Figure 3 shows an upward trend in exports of Pakistan while agricultural land
used shows a consistent decline which implies that exports do not depend significantly on
agricultural land use. The increasing share of industrial and services sectors in Pakistan’s
economy can help understand this trend.
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Figure 2. GDP and Energy Used (per capita) in Pakistan. Source: World Development Indicators (WDI).
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3. Literature Review

The Environmental Kuznets Curve (EKC), since its’ introduction by Grossman and
Kruger [30], provided a framework in which the link between environmental degradation
and economic growth can be explored. Environmental pollution has become a central
area of research in the face of rapid economic growth and an increase in the emission
of GHG globally during the last few decades. As a consequence, the EKC concept has
become a discrete research subject and stimulated a large number of empirical and the-
oretical literature [19,31,32]. The EKC gained popularity among academia, researchers,
and policymakers due to its important implications for economic development, particularly
for developing countries. It has also influenced the policies and priorities of the Interna-
tional Monetary Fund (IMF) and World Bank which is evident from their prescriptions
for pro-growth policies [33]. Nevertheless, the EKC has been under criticism for incom-
pleteness in the context of sustainable development [34–36]. The validity of EKC has been
tested for several countries and regions using different methods of estimation and various
variables for environmental degradation [17,19,37,38]. These studies can be divided into
three groups according to the environmental degradation indicators used. The first group
uses the level of carbon dioxide (CO2) emissions [39–42]. These studies usually focus on
developed countries or where growth has been significant. The second group relates to
Sulphur dioxide (SO2) to income per capita [43,44]. The third group verifies EKC through
nitrous oxide (N2O) [13,17,45]. However, only a small number of studies focused on N2O
emissions. In this study, we focus on the N2O emissions, and a brief account of studies that
use N2O emissions or the total GHG emissions as a dependent variable is given in Table 2.

Table 2. Previous Empirical Studies on EKC using N2O and total Greenhouse Gases.

Study Data, Countries Estimator(s) Dependent
Variables

Independent
Variables EKC Evidence

Zambrono-
Monserrate and
Fernandez [13]

1970–2012,
Germany ARDL N2O emissions

Economic growth,
Agriculture land used,

exports
Yes

Och [46] 1987–2011,
Mongolia

Cointegration,
Granger
causality

NOx
Income, Exports,

Urbanisation NO

Wang et al. [47] 1960–2010, USA Cointegration,
Correlation N2O, CO2, CH4 GDP No, except for

CH4

Nassiani et al. [48] 1990–2015, BRIC Fixed effect GHG, N2O

Energy, GDP, financial
development,

Transportation,
renewable energy

consumption, trade

Yes

Sinha and
Bhattacharya [24]

2001–2013,
139 Indian cities FEM and REM NO2 emissions Population, Electricity

consumption Mix

Fuji and Managi [49]
1995–2009,

39 countries of the
world

Regression
analysis GHG emissions GDP No

Cho et al. [45] 1971–2000, 22
OECD countries

OLS, FMOLS,
Cointegration GHG emissions GDP, Energy use Mix

Luo et al. [50] 2003–2012, 31
China cities

Linear,
Quadratic
Regression

PM10, SO2, NO2
Gross regional

product Yes

Kubicová [51] 1993–2011,
Slovakia Republic

Granger
Causality GHG emissions FDI inflows No, except for

CH4
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Table 2. Cont.

Study Data, Countries Estimator(s) Dependent
Variables

Independent
Variables EKC Evidence

Tamang [52]

1990–2009, 11 high
income and 8
low-income

countries

ADF unit root,
Error correction

model (ECM)

CH4, CO2, and
N2O

GDP per capita,
Population density,

the share of industry
No

Mazzanti et al. [53] 1990–2001, Italy
Cointegration,

Granger
causality

GHG emissions GDP, Energy use,
production activities Yes

Roca et al. [54] 1973–1976, Spain
Cointegration,

Granger
causality

GHG emissions GDP No, except for
SO2

As the information in Table 2 shows, only a very small number of studies have
focussed on N2O emissions. Most of them employed the linear or quadratic specifications
of the equation representing the basic EKC model. Overall, these studies produced mixed
results that highlight the importance of conducting case-specific studies using more flexible
forms of the relationship between N2O emissions and economic growth.

4. Model Specification, Data, and Methodology

The models estimated in this study are derived from the following simple model of EKC:

ln N2Ot = α0 + α1 ln GDPt + α2[ln GDPt]
2 + εt (1)

where N2O is the total nitrous oxide emissions (metric tons of CO2 equivalent) per capita,
GDP is gross domestic product per capita, α0 is the constant term, α1 and α2 are the slope
coefficients, and t indicates the period in years, while εt is a white-noise error term. All the
model variables are expressed in natural logarithmic form. The total N2O per capita ac-
counts for the emissions from livestock management, industrial activities, and agricultural
biomass burning. While agricultural N2O accounts for the emissions produce from “fer-
tiliser use (synthetic and animal manure), animal waste management, agricultural waste
burning (nonenergy, on-site), and savannah burning” according to the World Development
Indicators WDI (2019). The signs of the estimated coefficients are expected to be positive
for α1 and negative for α2 if the EKC relationship holds. Earlier studies have used various
functional forms in estimating the relationship between economic growth and environmen-
tal degradation [55–57]. The most commonly used functional forms are linear, quadratic,
and cubic. As described by Perman and Stern [58], various shapes and forms of EKC could
be observed, depending on the measure of environmental degradation. Van Alistine and
Neumayer [59] estimated a cubic function on the basis that a second turning point may be
observed. Yang et al. [56] and Zhang [60] estimated both quadratic and cubic specifications,
obtaining results of robust support for both specifications. This study examines the plausi-
bility of linear, quadratic, and cubic specifications without suggesting a priori specification,
however, it relies on both quadratic and cubic specifications for obtaining robust results
following Yang et al. [56]. The cubic form of the Equation (1) can be written as follows:

ln N2Ot = β0 + β1 ln GDPt + β2[ln GDPt]
2 + β3[ln GDPt]

3 + εt (2)

With the inclusion of three additional explanatory variables, namely agricultural
land used (ALU), exports (Exp), and energy use (ENU) the augmented specifications of
Equations (1) and (2) can be obtained. These are giving by Equations (3) and (4) below.

ln N2Ot = α0 + α1 ln GDPt + α2[ln GDPt]
2 + α3 ln ALUt + α4 ln Expt + α5 ln ENUt + εt (3)
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ln N2Ot = β0 + β1 ln GDPt + β2[ln GDPt]
2 + β3[ln GDPt]

3 + β4 ln ALUt

+β5 ln Expt + β6 ln ENUt + εt
(4)

The agricultural land used affects the N2O emissions positively especially in devel-
oping countries where farmers use large amounts of fertilisers in the crops production
processes which represent a significant source of N2O emissions. Exports may not affect
N2O emissions (Kearsley and Riddel, [61]), but can be related to EKC according to the
(PHH) [62]. The PHH asserts that developed countries have stricter environmental regu-
lations and adopt clean technologies, whereas the more pollutant production processes
take place in developing countries where the transfer of pollution occurs, instead of mitiga-
tion, across regions [17]. Energy consumption leads to environmental degradation as it is
positively linked with greenhouse gas emissions [63–65]. This may be true in the case of
Pakistan, where the contribution of non-renewable energy sources to total energy is more
than 90 percent.

In estimating the models, the inverted U-shaped EKC can be obtained by imposing
the coefficient restrictions that α1 > 0 and α2 < 0 on Equation (3). An N-shaped curve can be
obtained by imposing coefficient restrictions that β1 > 0, β2 < 0 and β3 > 0 on Equation (4).
All possible shapes of the relationship between N2O and GDP which depend upon the
signs of the estimated coefficients of the linear, quadratic, and cubic models are stated in
Table 3.

Table 3. Possible Shapes of the Relationship between N2O and GDP.

Model Value of βi Shape of the Curve

Model 1 β1 = β2 = β3 = 0 no
Model 2 (linear) β1 > 0, β2 = β3 = 0 Linear monotonically increasing
Model 3 (linear) β1 < 0, β2 = β3 = 0 Linear monotonically decreasing

Model 4 (quadratic) β1 < 0, β2 > 0, β3 = 0 U-shaped
Model 5 (quadratic) β1 > 0, β2 < 0, β3 = 0 Inverted U-shaped

Model 6 (cubic) β1 > 0, β2 < 0, β3 > 0 N-shaped
Model 7 (cubic) β1 < 0, β2 > 0, β3 < 0 Inverted N-shaped

Source: Dinda [66].

To detect the shape of the relationship in Pakistan, each of the quadratic and cubic
models (Equations (3) and (4)), is estimated separately for total and agriculturally induced
N2O emissions. The annual time series data over the period from 1971 to 2012 on GDP per
capita (constant 2010 US dollars), total N2O emissions per capita, agriculturally induced
N2O emissions per capita, agricultural land used per capita, energy use (kg of oil equivalent)
per capita, and exports of goods and services as percent of GDP are used. The source of
the data is WDI-2019 [22]. This is the latest data (1971–2012) available in the WDI for N2O
emissions for Pakistan which is a data constraint in this study and can be extended when
the new data are available.

Following Pesaran et al. [67], this study applies the ARDL bounds testing approach
to cointegration. This approach has two advantages over other traditional techniques
such as Engle and Granger [68]; Johansen and Juselius [69] and Phillips and Hansen [70].
First, it is equally applicable when every variable is not integrated of order one. Second,
when applied to small samples it remains more efficient [13]. However, it crashes if the
variables are I(2) processes [71]. The structural break unit root tests developed by Zivot
and Andrews [72] are applied to test the stationarity properties of the variables. These tests,
which can identify an unknown structural breakpoint in the time series, are relatively more
reliable than Augmented Dicky Fuller (ADF) and Philips Perron (PP) tests in the presence
of structural breaks [73].

The bounds test, an F-test, is applied on the Equations (3) and (4) to test the co-
integration under the null hypotheses given below,

Equation (3): H0: α1 = α2 = α3 = α4 = α5 = 0
Equation (4): H0: β1 = β2 = β3 = β4 = β5 = β6 = 0
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The alternative hypothesis is that at least one of the αi 6= 0 or βi 6= 0. Given the
small sample of the study, this paper uses the critical bounds developed by Narayan [74]
as the critical values generated by Pesaran et al. [67] are biased downward. Once a
cointegration relationship is established, Equations (3) and (4) are estimated to capture the
long-run dynamics [75]. After obtaining the long-run estimates, the turning point(s) can be
determined by equating the first derivative of Equations (3) and (4) with respect to GDP
to 0, such as, for Equation (3),

∂ ln N2Ot

∂ ln GDPt
= α1

(
1

GDPt

)
+ 2α2[lnGDPt]

(
1

GDPt

)
= 0

[lnGDPt] =
−α1

2α2
and GDPt= exp

(
−α1

2α2

)
Similarly, we can find two turning points for the cubic model. The Error Correction

Term (ECT) shows the speed of adjustment which indicates how quickly the variables
converge to the long-run equilibrium following a one-time shock in the model. So, the con-
dition for the convergence is that the coefficient of ECT should be negative and statistically
significant with a magnitude that is less than or equal to one. To capture the short-run
dynamics, following the error correction model is estimated for Equation (3).

∆ ln N2Ot = γ0 +
p
∑

i=1
γ1i∆ ln N2Ot−i +

q
∑

j=0
γ2j∆ ln GDPt−1

+
m
∑

k=0
γ3k∆ ln GDP2

t−k

+
n
∑

l=0
γ4l∆ ln ALUt−l

+
s
∑

w=0
γ5w∆ ln Expt−w

+
y
∑

x=0
γ6x∆ ln ENUt−x + θECTt−1 + εt

Similarly, for Equation (4),

∆ ln N2Ot = γ0 +
p
∑

i=1
γ1i∆ ln N2Ot−i +

q
∑

j=0
γ2j∆ ln GDPt−1

+
m
∑

k=0
γ3k∆ ln GDP2

t−k

+
n
∑

l=0
γ4l∆ ln GDP3

t−l

+
z
∑

r=0
γ5r∆ ln ALUt−r

+
s
∑

w=0
γ6w∆ ln Expt−w

+
y
∑

x=0
γ7x∆ ln ENUt−x + θECTt−1 + εt

The diagnostic tests developed by Brown et al. [76] are applied to verify the stability of
the estimated model parameters. The causality tests based on the Vector Error Correction
Model (VECM) as suggested by Granger [77] are used to investigate the causal relationships.
The VECM model is as follows:

∆ ln N2Ot
∆ ln GDPt
∆ ln GDP2

t
∆ ln ALUt
∆ ln Expt

∆ ln ENUt

 =



µ1
µ2
µ3
µ4
µ5
µ6

+



γ11 γ12 γ13 γ14 γ15 γ16
γ21 γ22 γ23 γ24 γ25 γ26
γ31 γ32 γ33 γ34 γ35 γ36
γ41 γ42 γ43 γ44 γ45 γ46
γ51 γ52 γ53 γ54 γ55 γ56
γ61 γ62 γ63 γ64 γ65 γ66

×


∆ ln N2Ot−1
∆ ln GDPt−1
∆ ln GDP2

t−1
∆ ln ALUt−1
∆ ln Expt−1

∆ ln ENUt−1

+



π1
π2
π3
π4
π5
π6

ECTt−1 +



e1t
e2t
e3t
e4t
e5t
e6t
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where the speed of adjustment toward equilibrium is measured by the vector π which
represents the mean-reversion mechanism of the VECM. Under the VECM two types of
Granger causality relationships exist as suggested by Granger [77]. The long-run causality
can be determined by the statistical significance of ECTt−1 using a t-test and the short-run
causality can be tested by the statistical significance of ECTt−1 using the Wald-test [64].
It is worth noting here that the parametric methodology used in the paper at hand has
few limitations as Parametric models may lead to model misspecification [78] and are
applicable when the relationship between regressor and regressand is known [79]. Para-
metric approaches are unable to estimate the relationship between the variables especially
in the context of climate change literature [80]. Furthermore, like many empirical studies
on ecology, this research may face the problem of multicollinearity i.e., correlation of in-
dependent variables with each other. This research is further confined due to the use of
ARDL is currently the most advanced nonlinear autoregressive distributed lag (NARDL) is
more common in literature as they can capture the short-run and long-run non-linearities
and asymmetries by introducing positive and negative partial sum decompositions of the
independent variables [81].

5. Empirical Results and Discussion

Descriptive statistics for the variables are presented in Table 4. In terms of the standard
deviation, GDP is relatively more volatile than N2O emissions, and the N2O emissions,
both total and agriculturally induced, have the smallest volatility of all the variables.

Table 4. Descriptive Statistics.

Des. Stat N2O N2OA * GDP ALU EXP ENU

Mean 0.20 0.15 749.60 3.67 13.45 401.88
Maximum 0.25 0.19 1063.61 6.14 17.36 525.62
Minimum 0.17 0.13 453.77 2.10 7.14 285.16

Std. Deviation 0.03 0.02 194.36 1.25 2.49 77.21
* N2OA means N2O from agricultural emissions.

Results of the Zivot Andrew Structural Break unit root tests are reported in Table 5.
The computed test statistics (T-stat) for the first differences of all the variables indicate that
all the model variables are integrated of order one, i.e., I(1), at a 1% level of significance as
required by the ARDL bounds approach [82].

Table 5. Zivot Andrew Structural Break Unit Root Test.

Variables
At Level At 1st Difference

T-Stat Time Break T-Stat Time Break

lnN2Ot −3.81503 1989 −5.35288 * 1987
lnN2OAt −2.63613 1993 −7.39466 * 1987
lnGDPt −3.88115 1989 −5.79343 * 2005
lnGDPt

2 −3.81307 1989 −5.57738 * 2005
lnALUt −3.20001 1992 −5.14786 * 1987

lnExportst −4.1436 *** 1997 −5.81912 * 1991
lnENUt −2.69712 2006 −6.25324 * 2005

Note: *, *** indicate significance at 1% and 10% level of significance, respectively. Critical values at 1%, 5%,
and 10% are −4.8, −4.42, and −4.11, respectively.

Following Lütkepohl [83], Akaike information criterion (AIC) is used to select an opti-
mal lag length for the ARDL bounds test of co-integration, the results of which are reported
in Table 6. The computed F-statistics reported for each model surpass the corresponding
lower and upper critical bounds, rejecting the null hypothesis of no cointegration at the 5%
level of significance.
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Table 6. Bounds Testing to Cointegration—ARDL.

Statistics
Total N2O Emissions Agricultural Induced N2O Emissions

Quadratic Model Cubic Model Quadratic Model Cubic Model

Optimal Lag (2,2,2,2,3,0) (2,1,1,1,2,1,2) (1,2,2,2,0,1) (1,1,1,1,2,0,2)
F-Statistics 4.4324 * 4.1489 * 4.5425 * 4.1541 *

Lower bounds a 2.39 2.27 2.39 2.27
Upper bounds a 3.38 3.28 3.38 3.28

AIC −4.0981 −4.1457 −3.2689 −3.5565
Log Likelihood 90.9128 92.9150 73.3776 79.1292

Note: * significant at a 5% level. Based on the Akaike information criterion. a Critical value bounds are from Narayan (2005) at a 5% level of
significance. Case II-restricted intercept and no trend.

The long-run results for the models of total and agriculturally induced N2O emissions
are reported in Table 7, along with the results of a selection of diagnostic tests that are
performed for detecting serial correlation, autoregressive conditional heteroscedasticity,
normality, and specification bias. The diagnostic test results reveal that all the long-
run models are correctly specified except the quadratic specification for agriculturally
induced N2O emissions. They also reveal that errors are normally distributed, and no
heteroscedasticity or autocorrelation is found in the cubic specifications.

Table 7. Long-run Results.

Dependent Variable

Variables
Total N2O Emissions Agriculturally Induced N2O Emissions

Quadratic Model
Equation (3)

Cubic Model
Equation (4)

Quadratic Model
Equation (3)

Cubic Model
Equation (4)

lnGDPt −3.146 974.726 ** −0.486 1293.688 *
lnGDPt

2 0.295 −148.892 ** 0.05 −197.762 *
lnGDPt

3 . . . 7.562 ** . . . 10.051 *
lnALUt 1.370 * 0.702 *** 1.191 0.594 ***

lnExportst −0.074 −0.164 −0.568 * −0.106
lnENUt 0.981 *** 2.499 * 1.49 3.069 **

Constant −1.330 −2138.355 ** −12.282 −2834.436 *

R2 0.966 0.966 0.935 0.952
Adjusted R2 0.942 0.942 0.903 0.924

F-Stat 39.546 [0.000] 40.301 [0.000] 28.982 [0.000] 35.094 [0.000]
Jarque-Bera Normality Test 1.121 [0.571] 2.051 [0.359] 42.860 [0.000] 4.124 [0.127]

Heteroskedasticity Test: BPG 2.675 [0.017] 1.694 [0.121] 4.307 [0.001] 3.558 [0.188]
B.G. Serial Correlation LM Test 2.864 [0.081] 2.488 [0.117] 0.269 [0.766] 0.991 [0.3887]

Ramsey RESET test 0.188 [0.853] 0.874 [0.391] 2.134 [0.043] 0.7180 [0.46]
CUSUM Stable Stable Stable Stable

CUSUMSQ Not Stable Stable Not Stable Stable

Note: *, **, *** significant at 1%, 5%, and 10% level of significance.

All the estimated coefficients of GDP variables are significant in the cubic specification
and insignificant in the quadratic specification at the 5% level of significance. These results
stand in favour of an N-shaped relationship in which N2O emissions initially follow a
traditional EKC up to a certain level of GDP per capita beyond which N2O emissions once
again increase with economic growth. Similar findings are reported by Allard et al. [84] for
lower middle income and high-income countries, and Paudel et al. [85] for Latin American
countries, on the nexus between CO2 emissions and economic growth.

The coefficient of the agricultural land used is positive and significant in all specifica-
tions except the quadratic model of the agriculturally induced N2O emissions. This result is
consistent with the findings of Boluk and Mert [86] and Zambrano-Monserrate et al. [87–89].
This finding implies that the reduction in N2O emissions in Pakistan requires careful man-
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agement of the extent, as well as the methods and processes of agricultural land use. The per
capita energy use is positively related to N2O emissions in all the specifications. This result
is consistent with the finding of Tiwari et al. [65] and Shahbaz et al. [63] which explored the
link between energy consumption and CO2 emissions. For Pakistan, where non-renewable
energy sources account for 90 percent of total energy, the policy implication from this result
is that directing more resources to renewable energy projects is necessary to protect the
environment. Such as Pakistan is a petroleum-producing country and this could be one of
the drivers of the GHGs emissions which provides a common ground for the assessment of
the factors influencing environmental pollution [90].

The coefficient of exports remains negative in all the specifications but significant
only in the quadratic specification of the agriculturally induced N2O emissions. Overall,
this result reveals that the PHH does not hold in the case of Pakistan. This may also
indicate that the resources and processes in export production, in general, are non-polluting
in terms of N2O emissions. This finding is consistent with the study of Duodu [20]
which also confirmed that for N2O emissions, PHH does not hold for the Sub-Saharan
African countries, it also confirms by the view of OECD [91] which states that stringent
environmental laws have no detrimental impact on exports.

Based on the estimated results, this study finds that the relationship between GDP
per capita and N2O emissions in Pakistan follows an N-type curve rather than an inverted
U-shaped curve as depicted in Figures 4 and 5. Similar relationships have been found by
Zhang [60], Binder and Neumayer [92], Canas, et al. [93], and De Bruyn and Opschoor [94]
between GDP per capita and other indicators of GHG emissions.

The tipping points estimated from the cubic model are $502 and $1002 for total N2O
emissions, and $511 and $1007 for the agriculturally induced N2O emissions. The tipping
points of $1002 and $1007 are the threshold levels of GDP per capita beyond which increases
in GDP per capita lead to increases in N2O emissions. The two threshold levels are not
much different showing a similar pattern of relationships between N2O emissions and
GDP per capita.

The estimated short-run results are reported in Table 8. The estimated coefficients for
the changes in GDP and the squared GDP have the expected signs in all the specifications.
The estimated coefficients of the error correction term (ECTt−1) is negative and significant
at a 1% level in all the specifications. The coefficient shows the speed of adjustment
to reinstate the equilibrium in the dynamic model, that is, the effect of a shock will be
corrected by ranging from 42.8 to 51.8% within a year in all specifications. Nevertheless,
the short run and the long run results are similar in that there is no evidence for an inverted
U-shaped EKC.
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Table 8. Short-run Results.

Dependent Variable (∆Ln(N2Ot)

Variables
Total N2O Emissions Agriculturally Induced N2O Emissions

Quadratic Model
Equation (3)

Cubic Model
Equation (4)

Quadratic Model
Equation (3)

Cubic Model
Equation (4)

∆lnN2Ot−1 0.401695 * 0.368585 * - -
∆lnGDPt −0.419324 −173.6831 −8.2885 −161.1227

∆lnGDPt−1 34.08896 * - 26.1439 * -
∆lnGDPt

2 0.122596 25.77894 0.71188 22.8825
∆lnGDPt−1

2 −2.617424 * - −1.9781 * -
∆lnGDPt

3 - −1.271023 - −1.0745
∆lnALUt 1.866513 * 1.66101 * 2.3987 * 2.4872 *

∆lnALUt−1 1.218313 * 1.23799 1.63333 * 1.8825 *
∆lnEXPt −0.176945 * −0.08994 *** - -

∆lnEXPt−1 −0.018706 - - -
∆lnEXPt−2 −0.131985 ** - - -
∆lnENUt - 0.28003 −0.17932 0.18992

∆lnENUt−1 - −0.93157 * −0.6460 ***
Constant −0.651883 −946.3299 ** −5.2592 −1468.311 **
ECTt−1 −0.490278 * −0.44255 * −0.42819 * −0.51804 *

R2 0.733 0.722 0.606 0.705
Adjusted R2 0.638 0.639 0.52 0.64

Note: *, **, *** significant at 1%, 5%, and 10% level of significance.

For effective forecasting and policymaking, the stability of the parameters is important.
As suggested by Pesaran et al. [67], the stability of the estimated parameters of ECM is
tested using the Cumulative Sum (CUSUM) and Cumulative Sum of Squares (CUSUMSQ)
of recursive residuals developed by Brown et al. [76]. The CUSUM test is based on the
recursive residuals. According to the CUSUM test, if we detect any systematic subsequent
movements in the values of the estimated intercept coefficients signalling a possible struc-
tural instability in the parameters. The estimated results by the CUSUM test confirmed
that the intercept term is stable over time for both models which confirms that there is no
breakpoint in the data, and we cannot reject the chosen specification throughout the sample
period. While the CUSUMSQ test shows the instability in the variance of the regression
error and based on the sum of squared recursive residuals that means if we want to detect
random movements that do not necessarily come from a structural change in coefficients
is stable over time. The estimated results show that there is no random movement in the
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estimated coefficients and all the model coefficients are stable over time. The plots of these
tests are depicted in Figure 6, which confirms the stability of coefficients as the test statistics
lie within the critical bounds of 5%.
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∆lnGDPt 3.3905 ***  4.6165 ** 4.4608 ** 2.9971 *** 0.3897 0.0018 −0.092326 ** 
(0.0656)  (0.0317) (0.0347) (0.0834) (0.5325) (0.9660) [−2.04135] 
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Figure 6. Plots of CUSUM and CUSUMSQ for the estimated ECM for the Cubic Model.

The results of the long run and short-run Granger causality tests are reported in
Tables 9 and 10 for the cubic specifications of the models for total and agriculturally in-
duced N2O emissions.

Table 9. Granger Causality test for Total N2O Emissions.

Dependent
Variable

Short Run Causality F-Statistics (p-Value)
Long-Run
Causality

[t-Statistics]

∆lnN2Ot ∆lnGDPt ∆lnGDPt
2 ∆lnGDPt

3 ∆lnALUt ∆lnEXPt ∆lnENUt ECTt−1

∆lnN2Ot
2.4746 2.4780 2.4794 0.0134 0.8182 0.0077 −0.331060 *

(0.1157) (0.1154) (0.1153) (0.9080) (0.3657) (0.9302) [−2.77179]

∆lnGDPt
3.3905 *** 4.6165 ** 4.4608 ** 2.9971 *** 0.3897 0.0018 −0.092326 **
(0.0656) (0.0317) (0.0347) (0.0834) (0.5325) (0.9660) [−2.04135]

∆lnGDPt
2 3.3119 *** 4.1282 ** 3.8424 ** 2.7857 *** 0.3551 0.0007 −1.252190 **

(0.0688) (0.0422) (0.0500) (0.0951) (0.5512) (0.9786) [−2.09775]

∆lnGDPt
3 3.2231 *** 3.5409 *** 3.4104 *** 2.5841 *** 0.3252 0.0001 −12.72294 **

(0.0726) (0.0599) (0.0648) (0.0979) (0.5685) (0.9926) [−2.14684]

∆lnALUt
1.3603 2.9287 *** 2.9766 *** 3.0137 *** 2.5587 0.1579 0.023318

(0.2435) (0.0870) (0.0845) (0.0826) (0.1097) (0.6921) [0.51682]

∆lnEXPt
0.0995 1.9180 1.9619 2.0077 2.2066 0.2477 0.570900 **

(0.75250 (0.1661) (0.1613) (0.1565) (0.1374) (0.6187) [2.14589]

∆lnENUt
0.5964 0.7738 0.7948 0.8091 0.4411 3.0690 *** 0.070133

(0.4400) (0.3791) (0.3726) (0.3684) (0.5066) (0.0798) [1.41249]

Note: *, **, *** significant at 1%, 5% and 10% level of significance.
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Table 10. Granger Causality Test for Agricultural Induced N2O Emissions.

Dependent
Variable

Short Run Causality Long-Run
Causality

∆lnN2OAt ∆lnGDPt ∆lnGDP2
t ∆lnGDP3

t ∆lnALUt ∆lnEXPt ∆lnENUt ECTt−1

∆lnN2OAt
1.2504 1.2750 1.3018 4.0150 *** 2.2376 2.4986 −0.60354 **

(0.5351) (0.5286) (0.5216) (0.0908) (0.3257) (0.2867) [−2.17694]

∆lnGDPt
0.5365 0.9526 0.8861 4.4221 *** 5.2710 *** 0.6426 −0.06428

(0.7647) (0.6211) (0.6421) (0.0996) (0.0717) (0.7252) [−0.76320]

∆lnGDPt
2 0.4123 0.8210 0.6986 4.9684 *** 4.9896 *** 0.6653 −0.79809

(0.8137) (0.6633) (0.7052) (0.0905) (0.0855) (0.7170) [−0.660940]

∆lnGDPt
3 0.3082 0.6475 0.5916 4.5501 *** 4.7160 *** 0.6858 −6.78956

(0.8572) (0.7234) (0.7439) (0.0981) (0.0946) 0.7097 [−0.56284]

∆lnALUt
2.6558 3.9539 4.0725 4.1816 5.8105 *** 6.9096 ** −0.205654 *

(0.2650) (0.1385) (0.1305) (0.1236) (0.0547) (0.0316) [−3.09332]

∆lnEXPt
1.4643 0.0119 0.0140 0.0174 2.6731 0.8843 0.393727

(0.4809) (0.9941) (0.9930) (0.9914) (0.2627) (0.6426) [0.76207]

∆lnENUt
2.0535 6.1227 ** 6.0598 ** 6.0042 ** 4.5581 *** 0.2042 0.228610 *

(0.3582) (0.0468) (0.0483) (0.0497) (0.0995) (0.9030) [3.00900]

Note: *, **, *** significant at 1%, 5%, and 10% level of significance.

In the case of total N2O emissions, the results provide strong evidence for a long-
run bidirectional causality for the three variables: N2O emissions, real GDP per capita,
and exports. The bidirectional causality between N2O emissions and economic growth
assert that on the one hand economic growth pattern in Pakistan may lead to a change in the
pattern of the N2O emissions, while on the other hand, N2O emissions impact the economic
growth which leads to a favourable way for the sustainable development in Pakistan.
However, Pakistan has not yet reached a state of sustainable development and at present
passes through the increasing phase of environmental degradation. However, formulating
policies to reduce N2O emissions without seriously affecting economic growth would be a
daunting task given the strong positive relationship between N2O emissions and economic
growth at present. It is more likely a chance that in developing countries like Pakistan,
the government has been less concerned to reduce its volume to boost the economic growth
in the country and the N2O emissions are off the table in the policy agenda.

In the short run, a unidirectional causality running from N2O emissions to economic
growth is evident. For the other variables, the empirical results show evidence for a
bidirectional causality between agricultural land used and economic growth while exports
and energy used to have no evidence of causality either way to economic growth. Evidence
for unidirectional causality is also found from exports to the energy used.

In the case of agriculturally induced N2O emissions, the evidence supports a bidirec-
tional causality for the three variables: N2O emissions, agricultural land use, and energy
use per capita in the long run. In the short term, the results show no evidence for causality
running from N2O emissions to economic growth. For the other variables, the empirical
results show evidence for a unidirectional causality from agricultural land used and exports
to economic growth while the energy used has a unidirectional causality from economic
growth to energy used. Evidence of bidirectional causality is found for agricultural land
used and the energy used. The causality relation detected based on these results are
summarised in Table 11 above.
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Table 11. The direction of the Granger Causality Test for both Specifications.

Total N2O Emissions Agricultural Induced N2O Emissions

Short-Run Long-Run Short-Run Long-Run

ALU↔ GDP, GDP2,
GDP3

N2O→ GDP, GDP2,
GDP3

Exports→ ENU

GDP↔ N2O
GDP2 ↔ N2O
GDP3 ↔ N2O

Exports↔ N2O
ALU→ N2O
ENU→ N2O

ALU↔ ENU
ALU→ N2O, GDP, GDP2,

GDP3

Exports→ GDP, GDP2,
GDP3, ALU

GDP→ ENU
GDP2 → ENU
GDP2 → ENU

ALU↔ N2O
ENU↔ N2O
GDP→ N2O
GDP2 → N2O
GDP3 → N2O

Exports→ N2O

Note: → (Unidirectional causality) and↔ (Bidirectional causality).

6. Conclusions and Policy Implications

In this study, the link between N2O emissions and economic growth in Pakistan is
investigated using models of total and agriculturally induced N2O emissions. The empirical
models of N2O emissions are derived from the basic model of EKC by incorporating
agricultural land used, exports, and energy used as explanatory variables, in addition to
GDP. The models are estimated using the ARDL bounds tests approach of co-integration
and the data for the period 1971 to 2012. The estimated results from quadratic and cubic
specifications are analysed to determine if the link between N2O emissions and economic
growth conforms to the inverted U-shape of EKC or an N-shaped relationship.

The study finds that the N2O emissions and economic growth in Pakistan follow an
N-shaped relationship rather than an inverted U-shaped relationship. This is true for both
the total and agriculturally induced N2O emissions. The tipping values of GDP per capita
are $502 and $1002 for total N2O emissions and $511 and $1007 for agriculturally induced
N2O emissions. These tipping values lie within the sample which implies that Pakistan
has not yet reached a state of sustainable development and at present passes through
the increasing phase of environmental degradation. The results further imply that the
government environmental protection policies adopted according to the Kyoto Protocol
have not effectively reduced N2O emissions in Pakistan. Therefore, a binding agreement of
all levels of government is of paramount importance for effective control of N2O emissions
in Pakistan. However, formulating policies to reduce N2O emissions without seriously
affecting economic growth would be a daunting task given the strong positive relationship
between N2O emissions and economic growth at present.

Apart from economic growth the increases in the agricultural land used and energy
use have been responsible for rising levels of N2O emissions in Pakistan. To control N2O
emissions, the agriculture sector needs to focus on more environmentally friendly methods
and practices such as encouraging organic farming than the traditional ways of farming
that extensively use organic and inorganic fertilisers as suggested by Husnain et al. [95].
The result that the increased energy use leads to environmental degradation at present
highlights the importance of redirecting resources towards renewable energy projects for
environmental protection in the future. The results show no strong relationship between
exports and N2O emissions which implies that exports may not be seriously threatened by
government actions to drastically reduce N2O emissions.
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