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Abstract 
We apply a recently developed unit root test that simultaneously accounts for heteroskedasticity and 

structural breaks to United States monthly natural gas consumption. We find that United States 

monthly natural gas consumption is stationary. Our results illustrate the importance of accounting 

for heteroskedasticity when testing for a unit root in energy consumption with higher frequency 

data. 
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1. Introduction  

Beginning with Narayan & Smyth (2007) a burgeoning literature has emerged which tests for 

a unit root in (disaggregated) energy consumption (see Smyth, 2013 for a survey). The issue 

of whether energy consumption contains a unit root is important for several reasons. First, it 

will determine whether, following a shock, energy consumption returns to its underlying, 

long run level. If energy consumption is stationary, shocks will be transitory and energy 

consumption will return to its long-run level. On the other hand, if energy consumption is 

non-stationary, shocks will have permanent effects. Second, to the extent that energy is 

integrated into the real economy, if shocks to energy consumption have permanent effects, 

output, employment and other important macroeconomic variables can be expected to inherit 

the persistence.  Third, whether energy consumption contains a unit root has important 

implications for forecasting and modelling. If energy consumption is stationary, it is possible 

to forecast future energy consumption, but this is not so if it contains a unit root. Whether 

energy consumption contains a unit root determines the best approach to modelling energy 

consumption and variables such as economic growth within a coinegration and Granger 

causality framework (see Smyth, 2013). 

 

The early studies in this literature tested for a unit root in aggregate energy consumption 

using traditional unit root tests without structural breaks. Subsequent studies have extended 

the literature in several directions. This includes focusing on various types of disaggregated 

energy consumption, allowing for structural breaks in the unit root test, testing for fractional 

integration and employing panel unit root tests (see Smyth, 2013 for a review of these 

developments). One issue that has not been examined to this point, and which is the focus of 

this paper, is the potential for heteroskedasticity to bias the results of conventional unit root 

tests, which assume independent and identically distributed (iid) errors (Kim & Schmidt, 

2003). 



 

Most studies that have tested for a unit root in energy consumption have employed annual 

data; however, some studies have employed higher frequency data such as quarterly data (see 

eg. Congregado et al., 2012; Golpe et al., 2012) or monthly data (see eg. Apergis & Tsoumas, 

2011, 2012; Gil-Alana et al., 2010; Lean & Smyth, 2009, 2013). Heteroskedasticity is 

particularly problematic with higher frequency data such as monthly data.  To illustrate the 

problem, in addition to conventional unit root tests without structural breaks, we apply three 

unit root tests with two structural breaks to monthly data on natural gas consumption in the 

United States.  

 

The first two unit root tests that we apply are the Lee and Strazicich (2003) lagrange 

multiplier (LM) test and the Narayan and Popp (2010) test. Both tests have previously been 

applied in this literature (for applications of the Lee and Strazicich, 2003 test see eg.  Apergis 

& Payne 2010, Aslan 2011, Aslan & Kum 2011, Lean & Smyth 2014, Narayan et al. 2010; 

for an application of the Narayan & Popp 2010 test see Apergis & Payne 2010). The tests that 

we use have been shown to have better power and size than those used in most of the existing 

literature. The LM unit root test with two breaks developed by Lee and Strazicich (2003) 

represents a methodological improvement over the Dickey-Fuller-type endogenous two break 

unit root test proposed by Lumsdaine and Papell (1997), which has the limitation that the 

critical values are derived while assuming no breaks under the null hypothesis. Narayan and 

Popp (2013) show that the Narayan and Popp (2010) test has better size and higher power, 

and that it identifies the structural breaks more accurately, than either the Lumsdaine and 

Papell (1997) or Lee and Strazicich (2003) unit root tests. 

 

While the Lee and Strazicich (2003) and Narayan and Popp (2010) tests allow for two 

structural breaks neither accommodates heteroskedasticity.  The third test that we apply is the 



generalized autoregressive conditional heteroskedasticity (GARCH) unit root with two 

structural breaks, proposed by Narayan and Liu (2013), which has the advantage that it 

models heteroskedasticity and structural breaks simultaneously. The Narayan and Liu (2013) 

test uses the Narayan and Popp (2010) approach to choosing the structural breaks, but is more 

suitable if the data are heteroskedastic.  This test has not previously been applied in the 

energy consumption literature.
1
  

 

We focus on natural gas because, as Golpe et al. (2012, p. 594) put it: “Natural gas is now at 

the heart of the debate about the present and future of energy in the United States”. It is 

estimated that natural gas is responsible for approximately 4 million jobs in the United States 

and contributes $385 billion to the United States economy (Entrega Pipeline, 2014).  In 2012, 

natural gas accounted for 27.6 per cent of energy consumption in the United States and this 

figure is projected to increase to 30.4 per cent by 2040 (EIA, 2014). In 2012 the break down 

of natural gas consumption in the United States by sector was electric power (39 per cent), 

industrial (31 per cent), residential (18 per cent) and commercial (12 per cent) (EIA, 2012).  

 

There are several reasons why natural gas is front and centre in the energy debate in the 

United States. The first is that natural gas is seen as a means to reduce dependence on oil at a 

time when oil reserves are being depleted (Pirog & Ratner, 2012). The second reason is that 

natural gas is seen as a cleaner alternative to other fossil fuels and as a viable means for the 

United States to meet energy demands while achieving carbon dioxide emission reductions 

(Golpe et al 2012). The third reason is that the United States has large reserves of shale gas 

so opportunities exist for expansion. One estimate is that the United States has at least 100 

years of natural gas available for exploitation (Entrega Pipeline, 2014). Finally, the United 

                                                        
1
 Existing applications of the Narayan and Liu (2013) test (or earlier working paper versions) are Mishra et al. 

(2014) (stock prices), Narayan and Liu (2011) (commodity prices), Salisu and Fasanya (2013) (oil prices) and 

Salisu and Mobolaji (2013) (exchange rates and oil prices).   

 



States natural gas industry has been subject to regulatory reform, which increases 

susceptibility to shocks that might affect the sector’s long run growth path (Golpe et al 2012). 

 

Previous studies have reached mixed conclusions about whether natural gas is stationary. 

Lean and Smyth (2014) applied the Lee and Strazicich (2003) test to annual natural gas data 

in Malaysia and concluded that natural gas consumption contained a unit root. Aslan (2011) 

applied the Lee and Strazicich (2003) test and the Kapetanios et al (2003) non-linear unit root 

test to annual natural gas data for 50 United States states.  The majority of the states were 

found to be non-stationary. Gil-Alana et al (2010) – applied fractional integration tests to 

natural gas consumption by the United States power sector and natural gas consumption was 

found to be highly persistent. Golpe et al (2012) found evidence of hysteresis in natural gas 

consumption in the United States with a nonlinear unobserved components model. Apergis et 

al (2010) applied panel unit root tests with structural breaks to natural gas consumption in 50 

United States states and found natural gas consumption to be panel stationary. Overall, the 

univariate unit root tests tend to suggest that natural gas consumption contains a unit root, 

while there is more evidence of stationarity with panel tests when breaks are taken into 

account.  None of the univariate unit root tests applied thus far, however, allow for the 

presence of conditional heteroskedasticity in the data.     

 

 

Foreshadowing the main results, we find that conventional tests without structural breaks are 

unable to reject the unit root null. Moreover, allowing for two structural breaks does not over 

turn the unit root null. However, allowing for two structural breaks and heteroskedasticity, we 

can reject the unit root null for natural gas consumption. The results point to the importance 

of accounting for heteroskedasticity when testing for a unit root in energy consumption with 

higher frequency data.  

 



2. Method 

To test for a unit root in each of the series we first employ the Lee and Strazicich (2003) LM 

unit root test with two breaks in the intercept (Model AA) and two breaks in the intercept and 

trend (Model CC). We then employ the Narayan and Popp (2010) test.  Narayan and Popp 

(2010) proposed a ADF-type unit root test for innovation-outliners where the problem of 

spurious rejection could be avoided by formulating a data generating process (DGP) as an 

unobserved components model. Breaks occur under both the null and alternative hypotheses. 

Narayan and Popp (2010) used two different specifications for the deterministic component; 

one allows for two breaks in the level, denoted as model 1 (M1) and the other allows for two 

breaks in the level as well as slope of the deterministic trend component, denoted as model 2 

(M2). As both tests have been used before in the literature, we do not reproduce the method. 

We refer the reader to the original studies or applications for more details. 

Lee and Strazicich (2003) and Narayan and Popp (2010) are based on standard linear models 

that are inappropriate for modelling unit roots in the presence of heteroskedasticity. Narayan 

and Liu (2013) relax the assumption of iid distributed errors and propose a GARCH(1,1) unit 

root model that accommodates two endogenous breaks in the intercept in the presence of 

heteroskedastic errors. Because the Narayan and Liu (2013) test is still in working paper 

form, we outline it here. The test considers a GARCH (1, 1) unit root model as follows: 

                                                                                        

Here,                                                                          

              are break dummy coefficients.    follows the first order GARCH (1,1) model 

of the form: 

     √              
                                                   



Here,                         is a sequence of iid random variables with zero mean 

and unit variance. To estimate these equations Narayan and Liu (2013) use joint maximum 

likelihood (ML) estimation. A sequential procedure is used to estimate the break dates (    . 

The unit root hypothesis is tested with the ML t-ratio for   with a heteroskedastic-consistent 

covariance matrix.  

3. Data 

We employ monthly data on natural gas consumption, measured in billion cubic feet, in the 

United States over the period April 1974 to September 2013 (EIA, 2013).  This is a total of 

489 observations. We take the natural log of the series. The Energy Information Agency 

provides the data on a non-seasonally adjusted basis. Thus, we also removed the seasonal 

pattern using the US Census Bureau X12 seasonal adjustment procedure. This approach 

follows that employed in other studies which have tested for a unit root in monthly data on 

energy consumption (see eg. Apergis & Tsoumas 2011, 2012).  Table 1 provides descriptive 

statistics on the data. The last column of Table 1 presents the result of the ARCH LM test. In 

order to conduct this test, we first filter the first difference of natural gas consumption using 

an AR(12) model, then use the residuals to run an ARCH LM test. The null hypothesis of no 

arch effect is rejected at the 5 per cent level for all the lags up to 12; indicating the presence 

of significant time varying volatility in the monthly natural gas consumption data. The plot of 

the original data and seasonally adjusted data are graphed in Figure 1.  

 

------------------------------------ 

Insert Table 1 and Figure 1 

--------------------------------------- 

 

 

 

 



4. Results 

As a benchmark exercise we begin through applying conventional unit root and stationarity 

tests without structural breaks. We apply the ADF and Phillips Perron unit root tests and the 

KPSS stationarity test (Kwiatkowski et al., 1992), with and without a trend. The results are 

presented in Table 2. The Phillips-Perron test with an intercept and trend rejects the unit root 

null, but all other tests are consistent with natural gas consumption containing a unit root. 

Overall, on the basis of the conventional tests it is reasonable to conclude that natural gas 

consumption contains a unit root. 

 

There are, however, two problems with these tests. First, Kim and Schmidt (1993) show that 

the ADF test is biased in the presence of conditional heteroskedasticity. Second, since Perron 

(1989), it is well known that conventional unit root tests, such as the ADF test, have low 

power to reject the unit root null in the presence of structural breaks.  None of these tests 

accommodate possible structural breaks. 

------------------------------------ 

Insert Table 2 

--------------------------------------- 

 

 

Table 3 presents the results of the Lee and Strazicich (2003) LM unit root test with two 

breaks. We present results for both two breaks in the intercept (Model AA) and two breaks in 

the intercept and trend (Model CC). In both cases the Lee and Strazicich (2003) unit root test 

fails to reject the unit root null for natural gas consumption. 

------------------------------------ 

Insert Table 3 

--------------------------------------- 

 

Table 4 presents the results of the Narayan and Popp (2013) unit root test with two structural 

breaks. We present the results for both the break in the intercept only (M1) and break in the 



intercept and trend (M2). In both cases, the Narayan and Popp (2010) test fails to reject the 

unit root null. 

------------------------------------ 

Insert Table 4 

--------------------------------------- 

Overall, on the basis of the traditional unit root tests and the Lee and Strazicich (2003) and 

Narayan and Popp (2010) unit root tests with two structural breaks, natural gas consumption 

in the United States contains a unit root. This conclusion holds, irrespective of whether one 

allows for a break in the intercept only or a break in the intercept and trend. However, none 

of the tests, thus far, allows for the presence of heteroskedasticity in the monthly data. 

Table 5 presents the results of the Narayan and Liu (2013) GARCH unit root test with two 

breaks in the intercept. In contrast to the findings for the Lee and Strazicich (2003) and 

Narayan and Popp (2010) unit root tests, there is evidence of mean reversion in natural gas 

consumption. The finding is consistent with the result in Narayan and Liu (2011) and Mishra 

et al (2014) that the Narayan and Popp (2010) test failed to reject the unit root null for 

commodity prices and stock prices respectively, but the Narayan and Liu (2013) test found 

evidence of mean reversion. 

Given that the Narayan and Liu (2013) unit root test suggests a different result than the Lee 

and Strazicich (2003b) and Narayan and Popp (2010) unit root tests, the question arises as to 

which test is more accurate. Narayan and Popp (2010) choose the break date more accurately 

than Lee and Strazicich (2003) and thus avoids the gain in false power from choosing 

incorrect break dates (or loss in power) to reject the null. The Narayan and Liu (2013) test 

uses the Narayan and Popp (2010) approach to choosing the structural breaks, but has the 

advantage that it is more suitable if the data are heteroskedastic. Given that the ARCH LM 



test suggests that the data are heteroskedastic, the Narayan and Liu (2013) results can be 

preferred to those of the Lee and Strazicich (2003) and Narayan and Popp (2010) tests.  

 ------------------------------------ 

Insert Table 5 & Fig. 2 

--------------------------------------- 

We now turn briefly to the location of the break dates. Narayan and Liu (2013) estimate the 

break dates as occurring in May 1982 and February 1993. This is depicted graphically in 

Figure 2. The Narayan and Popp (2010) test also estimates the first break as occurring in 

April 1982, while Lee and Strazicich’s (2003) Model A suggests the second break occurs in 

April 1982. Natural gas consumption is, in part, tied to economic activity (Pirog & Ratner, 

2012). This break occurs in the severe recession in the United States between July 1981 and 

November 1982. The second break in the Narayan and Liu (2013) test occurs in February 

1993. This coincides with Federal Energy Regulatory Commission (FERC) Order 632 in 

1992, which required gas pipelines to provide open access and permitted exempt wholesale 

generators, many of which used natural gas as a fuel, to enter the electricity market (Apergis 

et al., 2010). The second break in the Narayan and Popp (2010) test occurred in December 

2005 and the second break in the Lee and Strazicich (2003) Model CC test occurred in June 

2003. These breaks coincide with the Energy Policy Act in 2005, which provided royalty 

relief, encouraged natural gas storage and promoted research on gas shales  (Apergis et al., 

2010). The first break in the Lee and Strazicich (2003) Model CC test occurred in April 1987.  

This break coincides with FERC Order 500 in 1987, which allowed pipelines a take-or-pay 

cost recovery and shifted partial liability from the pipelines to producers and consumers 

(Apergis et al., 2010). 

5. Conclusions 

 



We find that natural gas consumption in the United States is stationary, when we use a test 

that simultaneously models heteroskedasticity and structural breaks. Our results suggest it is 

important when testing for a unit root in energy consumption with high frequency data to use 

a test that takes account of the presence of heteroskedasticity. 

 

Our results have important policy implications. The Obama administration has promoted the 

use of natural gas as an alternative to oil as a relatively environmentally friendly long-term 

driver of economic growth. Previous studies which have applied univariate unit root tests to 

natural gas consumption in the United States have typically found that it exhibits a unit root 

or high level of persistence (see eg. Golpe et al., 2012). On this basis, these studies conclude 

that policies to encourage natural gas use will have permanent positive shocks. However, our 

results suggest that the positive shocks emanating from such policies will only be temporary 

and that natural gas consumption will return to its long run path. This result suggests that 

policies to increase natural gas in the energy mix will be ineffective in the long run.     
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Tables and Figures 

 

Table 1: Descriptive statistics for monthly natural gas consumption during the sample period  
 

Series Observations Mean Std. Dev. Min. Max. Skewness 
ARCH(12) 

LM Test 

Consumption 489 1747.2

9 
403.66 939.93 2882.06 0.46 42.86*** 

 

Notes: Sample consists of monthly data on natural gas consumption (measured in billion cubic feet) for the 

period January 1973 – September 2013. *** denotes significant at 1%. 

 
 
  



 
 

Table 2: Results of traditional unit root tests  
 

 Intercept Intercept and Trend 

Series ADF Test PP Test KPSS Test 
ADF 

Test 
PP Test KPSS Test 

Consumption -0.471 -2.424 2.04*** -2.332 -4.267*** 0.409*** 

 

Notes: Sample consists of monthly data on natural gas consumption (measured in billion cubic feet) for the 

period January 1973 – September 2013. Analysis was conducted using ln (consumption) X12 seasonally 

adjusted series. *** denotes significant at 1%. 

 
 



 Table 3: Results for Lee and Strazicich (2003) LM unit root test with two structural 

breaks  

 

 Break in Intercept Break in Intercept and Trend 

Series Test statistic TB1 TB2 Test statistic TB1 TB2 

Consumption -2.533 Dec 1976 Apr 1982 -4.804 Apr 1987 Jun 2003 

 
Critical values for St-1 

Model AA (Break in Intercept only) 

1% 5% 10%        

-4.54 -3.84 -3.50        

Model CC (Break in Intercept and Trend) 

λ2  0.4   0.6   0.8  

λ1 1% 5% 10% 1% 5% 10% 1% 5% 10% 

0.2 -6.16 -5.59 -5.27 -6.41 -5.74 -5.32 -6.33 -5.71 -5.33 

0.4 - - - -6.45 -5.67 -5.31 -6.42 -5.65 -5.32 

0.6 - - - - - - -6.32 -5.73 -5.32 

 

Notes: Sample consists of monthly data on natural gas consumption (measured in billion cubic feet) for 

the period January 1973 – September 2013. Analysis was conducted using ln (consumption) X12 

seasonally adjusted series.  TB1 and TB2 are the dates of the structural breaks. λj denotes the location of 

the breaks. The LM unit root test for model AA is invariant to the location of the breaks; however, this 

invariance does not hold for model CC, for which the null distribution of the LM test depends on the 

relative location of the breaks.  
*
 (

**
) 

***
 denotes statistical significance at the 10%, 5% and 1% levels 

respectively.  

 
 



Table 4: Results for Narayan and Popp (2010) unit root test with two structural breaks. 

 

 Break in Intercept Break in Intercept and Trend 

Series Test statistic TB1 TB2 Test statistic TB1 TB2 

Consumption -2.414 Apr 1982 Dec 2005 -2.596 Apr 1982 Dec 2005 

 
Critical values for unit root test 

1% 5% 10% 

Model M1 (Break in Intercept only) 

-4.672 -4.081 -3.772 

Model M2 (Break in Intercept and Trend) 

-5.287  -4.692 -4.396 

 

Notes: Sample consists of monthly data on natural gas consumption (measured in billion cubic feet) for 

the period January 1973 – September 2013. Analysis was conducted using ln (consumption) X12 

seasonally adjusted series.  The critical values are taken from Narayan and Popp (2010).  



Table 5: Results for Narayan and Liu (2013) GARCH unit root test with two structural 

breaks in the intercept. 

 

Series Test statistic TB1 TB2 

Consumption -5.53** May 1982 Feb 1993 

 
 

 

Notes: Sample consists of monthly data on natural gas consumption (measured in billion cubic feet) for 

the period January 1973 – September 2013. Analysis was conducted using ln (consumption) X12 

seasonally adjusted series. The 5% critical value for the unit root test statistics is -3.60, obtained from 

Narayan and Liu (2013) [Table 3 for N = 500 and GARCH parameters [α,β] chosen as [0.45, 0.5]]. 

Narayan and Liu (2013) provide critical values for the 5% level of significance only. ** indicates 

rejection of the null hypothesis of  a unit root at the 5% level of significance.  

  



Figure 1: Time series plot of monthly natural gas consumption; original series and X12 

seasonally adjusted series. 

 

 
 

 

 

  



Figure 2: Time series plot of monthly natural gas consumption (X12 seasonally adjusted 

series) with breaks in the intercept using the Narayan and Liu (2013) method. 

 

 
 


