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1. Introduction 

Recent surveys have reviewed the literature on cointegration and Granger causality between 

energy consumption and economic growth [41-43]. A smaller body of emerging literature 

also exists on the integration properties of energy consumption and production. Beginning 

with Narayan and Smyth [1], over the last five years several studies have been published with 

the sole objective of testing for a unit root in energy consumption or production. In addition, 

numerous other studies have tested for a unit root in energy consumption as the first stage 

toward testing whether there is a long-run relationship and Granger causality between energy 

consumption, economic growth and other variables. Testing for a unit root in energy 

variables has been variously described as “a new branch of research in energy economics” 

[10: 1953] and “a new branch of research in [the] economics literature” [14: 4256].   

 

There are, however, no studies which attempt to pull this literature together in digestible form 

and, in so doing, provide an overview, or snapshot, of these studies for the applied researcher. 

The purpose of this paper is to critically review the existing literature on the integration 

properties of energy consumption and production and suggest directions for future research.  

Section 2 will discuss the motivation for this literature and the implications of finding that 

energy consumption contains a unit root or, alternatively, is stationary. Section 3 addresses 

the various methodological issues pertaining to the type of unit root or stationarity test 

employed. Section 4 addresses other issues such as country coverage, type of energy analysed, 

level of disaggregation and the use of national versus subnational data. The final section 

concludes with some suggested directions for future research. 
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2. Motivation and implications of findings 

Most studies have employed unit root tests for which the null hypothesis is that there is a unit 

root in energy consumption or production, although some studies have employed stationarity 

tests, for which the null hypothesis is stationarity.  The main motivation for this literature has 

been to examine whether shocks to energy consumption or production have permanent or 

temporary effects. If energy consumption or production contains a unit root, shocks will have 

permanent effects. This would be consistent with hysteresis or path dependency in energy 

consumption or production [1]. However, if energy consumption or production is stationary, 

shocks will result in only a temporary deviation from the long-run growth path. In turn, 

whether shocks are permanent or temporary has several implications for forecasting and 

modelling energy as well as potentially more broadly for other macroeconomic variables. 

 

First, the existence of a unit root in energy consumption or production suggests that random 

shocks, including regulatory changes, to energy consumption or production may lead to 

permanent departures from predetermined target levels. This has important policy 

implications. If consumption or production of renewable energy contains a unit root, this 

implies that positive shocks associated with a permanent policy stance, such as renewable 

portfolio standards, that increase the production of renewable energy resources, will realize 

more in terms of positively altering the energy mix between renewable energy and energy 

from fossil fuels than temporary policy stances [21]. On the other hand, if shocks to 

renewable energy generate only temporary deviations from the long-run growth path, this 

implies that permanent policy changes may have little impact on employment and output [17].  
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Similarly, whether energy consumption is stationary has implications for policies designed to 

reduce the consumption of fossil fuels. If fossil fuels are found to contain a unit root or 

exhibit persistence, policies designed to reduce fossil fuel consumption will have positive 

environmental outcomes [17, 20]. Take policies such as carbon taxes on transport fuels 

designed to reduce petroleum consumption. If petroleum consumption is stationary such 

policies will be ineffective in reducing consumption, but if petroleum consumption contains a 

unit root, such policies will have permanent effects in reducing petroleum consumption [8]. 

 

Second, to the extent that energy is integrated into the real economy, if shocks to energy 

consumption or production are persistent, output, employment and, thus, other key 

macroeconomic variables can be expected to inherent that persistence.  As Hendry and 

Juselius [44] noted, “variables related to the levels of any variables with a stochastic trend 

will inherent that non-stationarity and transmit it to other variables in turn. ….  Links 

between variables will then spread such non-stationarities throughout the economy”. This, 

raises the question: to what extent do shocks to energy consumption or production have an 

effect on real output? To answer this, adopting the approach in [4, 5, 6, 40], consider the 

following production function, linking energy consumption/production and real output: 

Y=f(K,L,E) 

Here Y is output, K is capital, L is labour and E is energy consumption/production. Assume 

that output is sold for a nominal price of P dollars per unit, that workers are paid a nominal 

wage, W, that the nominal cost of energy is Q and that capital is rented at a nominal rate, r. 

This implies that the profits of a representative firm can be calculated as follows: 

PY-WL-rK-QE 
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A price-taking profit maximizing firm will purchase energy up to the point where the 

marginal product of energy consumed is equal to its relative price as follows: 

FE(L,K,E) = Q/P 

Here FE(L,K,RE) represents the partial derivative of F(.) with respect to E. Multiplying both 

sides of the equation by E and dividing by Y, one gets the following expression: 

 lnF/ lnE = QE/PY  

Thus, the elasticity of output with respect to a given change in energy use can be inferred 

from the dollar share of energy expenditure in total output. Hamilton [45] noted that in the 

United States the dollar share of energy expenditure in total output is about 4 per cent, 

although Hamilton [46] and Kilian [47] show that falls in output in the United States in 

response to crude oil disruption have been greater than this factor share argument would 

predict.  One explanation is that the effects of disruptions in energy supply on output become 

larger than what the factor share argument predicts once one allows for mark-up pricing or 

modification of the capital utilization rate under perfect competition [4]. Further evidence 

comes from studies suggesting a high correlation between energy consumption and output 

[41-43]. Based on the strong statistical co-movement between the variables it is reasonable to 

conclude that sufficient links exist for the transmission of non-stationarities [10]. 

 

Third, whether output is stationary has important implications for alternative economic 

theories.  Real business cycle theories posit that real output is a stationary fluctuation around 

a deterministic trend (see eg. [49]). As Cochrane [49, 241] noted, if real output contains a unit 

root, this „„challenges a broad spectrum of macroeconomic theories designed to produce and 

understand transitory fluctuations‟‟. For example, conventional sticky-price models, such as 
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Dornbusch [50] and Taylor [51], depend on stationarity of the price level. While “higher 

order” Phillips curves associated, for instance, with Ball [52] are consistent with a unit root in 

price, they are not consistent with a unit root in inflation (see further [1, 6]). Whether output 

is stationary also has implications for the desirability and efficacy of government intervention 

through the use of macroeconomic stabilization policies. If a unit root in energy consumption 

or production is transmitted to real output, following the logic in Hendry and Juselius [44], 

hysteresis in energy consumption or production is transmitted to hysteresis in unemployment. 

Thus, following a negative shock, automatic return to a normal trend may not occur, and, 

therefore, Keynesian demand management policies to stimulate demand and move the 

economy towards full employment may have a role to perform [48, 56]. Alternatively, if real 

output is stationary, stabilization policies will be ineffective as output will revert to its natural 

rate or long-run growth path, meaning Keynesian policies may only have temporary effects 

on output levels [6, 56]. This suggests a reduced role for government fiscal policy. 

 

Fourth, whether consumption or production of energy contains a unit root has implications 

for forecasting future consumption and production of energy. Reliable forecasts are important 

for ensuring secure energy supply for economic growth [18]. If consumption or production of 

energy is stationary, it is possible to forecast future consumption or  production based on past 

levels, but if consumption or  production of energy contains a unit root then past levels are of 

no value in forecasting future consumption/production levels (see [1, 7, 17, 20, 40]) 

 

Finally, whether consumption or production of energy contains a unit root is important in 

modelling energy, economic growth and other variables within a unit root, cointegration and 

Granger causality framework. The correct approach to cointegration and Granger causality 
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modelling between such variables depends on whether energy contains a unit root.  While 

most studies using this framework proxy energy using energy consumption (see [41-43]), 

some studies have proxied energy using energy production (see [53-55]). With a single time 

series (as opposed to a panel setting) if one or more of the variables, including energy 

consumption or production, is stationary, the appropriate approach to testing for cointegration 

is the autoregressive distributed lag approach proposed by Pesaran et al. [57]. 

3. Overview of existing studies  

3.1 Univariate unit root tests without structural breaks  

Table 1 summarizes studies which examine the integration properties of energy consumption 

and production. Much of the evidence from univariate unit root tests without structural breaks 

suggests that energy variables contain a unit root in the majority of countries.  Narayan and 

Smyth [1], who applied the Augmented Dickey-Fuller (ADF) [25] unit root test to energy 

consumption for 182 countries using annual data over the period 1979 to 2000, found that 

energy consumption was stationary for 31 per cent of countries. Hasanov and Telatar [18] 

also applied the ADF unit root test to energy consumption for 178 countries using annual data 

over the period 1980 to 2006 and reached exactly the same conclusion – the unit root null 

hypothesis could be rejected for just 31 per cent of countries. There are many more studies 

that have applied the ADF, Phillips-Perron [58] and Elliott et al. [59] unit root tests, among 

others, to energy variables prior to testing for cointegration and Granger causality (see eg. 

Aslan & Kum [14, Table 1] or Hsu et al. [3, Table 1] for a summary of these findings). Most 

of these studies have found that energy consumption and production contain a unit root.  

 

However, univariate unit root tests, such as the ADF unit root test, contain several limitations. 

First, Perron [60] pointed out that the ADF unit root test has low power to reject the unit root 

null hypothesis in the presence of one or more structural breaks. Energy variables have been 
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the subject of several potential structural breaks dating at least back to the first oil price shock.  

Second, conventional unit root tests, such as the ADF and Phillips-Perron tests assume that 

the data process is linear.  These tests have low power to reject the unit root null hypothesis 

in the presence of non-linearities [61]. It is well known that both energy consumption and 

production are potentially characterized by non-linearities. Several studies have found 

evidence of non-linearities in energy variables [5, 14, 18]; although Narayan and Popp [76] 

found evidence of conditional symmetry of industrial and residential electricity consumption 

in G7 countries, consistent with the data generating process being linear. Third, conventional 

unit root tests have low power to reject the unit root null hypothesis if the altrnatives are of a 

fractional form [62-64]. Fourth, conventional unit root tests, such as the ADF test, suffer from 

small sample bias with 20 to 30 observations [65], which has typically been the number of 

annual observations available for energy consumption at the national level.  Thus, 

conclusions from conventional unit root tests cannot be treated as being reliable. 

 

3.2 Univariate unit root tests with structural breaks  

To address the possibility that failure to reject the unit root may be attributable to the 

omission of structural breaks, a series of studies have applied univariate unit root tests with 

one and two structural breaks [8, 10, 14, 15, 19, 22, 23, 40] to energy consumption and 

production. Each of these studies has employed the lagrange multiplier (LM) unit root tests 

with one or two breaks proposed by Lee and Strazicich [35]. Apergis and Payne [8] employ 

both the LM unit root test with two structural breaks and the Narayan and Popp [36] unit root 

test with two structural breaks.  Most of these studies have found that energy variables are 

stationary around a broken trend, at least in the majority of cases, [8, 10, 14, 19, 22, 23].  

However, a couple of studies have reached mixed conclusions or find that energy is non-

stationary [15, 40].  One problem with implementing the LM unit root test with two structural 
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breaks is that the number of observations is often small. Lee and Strazicich [35] note that 

incorporating structural breaks can result in substantial deviations in size and power in small 

samples. For example, Agnolucci and Venn [19] apply an LM unit root test with two 

structural breaks to energy intensities in the United Kingdom.  They note [19: 1456] that 

“[their] samples implied running a regression with 35 and 27 [observations] to estimate a 

number of parameters going from a minimum of six to a maximum of 10, depending on the 

number of lags of the differenced dependent variable added to the regression”.  Agnolucci 

and Venn [19] proceed to state that it would be preferable to have a higher number of 

observations, but note that applying unit root tests with two structural breaks to samples 

spanning similar time periods to theirs “is not uncommon in the literature” [19: 1456]. 

 

3.3. Univariate non-linear unit root tests  

To address the low power of conventional unit root tests to reject the unit root null hypothesis 

in the presence of non-linearities, another set of studies have applied non-linear unit root tests 

to energy consumption and production [5, 14, 15, 18].  Maslyuk and Smyth [5] applied the 

Caner and Hansen [33] non-linear unit root test to crude oil production for 17 countries using 

monthly data spanning 1973 to 2007.  They found that crude oil production contained a unit 

root in 11 countries and a partial unit root in one regime in the other six countries. The other 

studies [14, 15, 18] applied the Kruse [38] or Sollis [66] non-linear unit root tests to energy 

consumption.  These studies have found either that energy consumption is non-stationary [14] 

or mixed evidence of non-stationarity [15, 18].  Overall, the evidence from studies that have 

applied non-linear unit root tests to energy variables is more consistent with non-stationarity. 
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3.4.Univariate fractional integration tests  

In response to concern that conventional unit root tests have low power to reject the unit root 

null hypothesis if the alternatives are of a fractional form, some studies have applied 

fractional integration tests to energy consumption [7, 9, 17, 20, 21] or energy production [16].  

Overall, the results from these studies are mixed, depending on energy type and sector.  

Energy consumption is more likely to be fractionally integrated in sectors with high average 

consumption because shocks will generate a larger deviation from the long-run equilibrium 

path, resulting in a higher level of persistence.  Moreover, energy types and sectors exhibiting 

high volatility in consumption are more likely to be fractionally integrated because deviations 

from the long-run equilibrium path will be larger and, thus, more persistent [3-7]. This said, 

most of the studies find at least some evidence of persistence. This conclusion is supported by 

a related study by Pereira and Belbute [13] who applied various non-parametric persistence 

tests to disaggregated energy consumption in Portugal and found evidence of persistence and 

Hayat and Narayan [75] who found persistence in volatility of energy variables.   

 

3.5.Panel unit root tests 

To address the short time span of data with univariate unit root tests, some studies have 

employed panel tests [1-4, 6, 11-12, 19, 74]. One strand of this literature has employed panel 

unit root and stationarity tests without structural breaks.  Many of the studies employ first 

generation panel unit root and stationarity tests such as those proposed by Im et al. [24], 

Levin et al. [28], Breitung [29], Hadri [30] and Maddala and Wu [31] (see [1, 4, 6, 12, 19]. 

The results from these studies are generally mixed with respect to stationarity – Narayan and 

Smyth [1] found that energy consumption was stationary employing the Im et al. [24] test, 

but other studies have found more evidence of a panel unit root [4, 6, 12, 19]. 
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The problem with interpreting the results from these studies is that first generation panel tests 

are subject to several criticisms. First, in the case of homogenous tests, such as [28-30], the 

alternative hypothesis is restrictive – ie. all series are assumed to be stationary and have the 

same AR(1) coefficient. Second, in the case of heterogeneous tests, such as [24, 31], when 

rejecting the null hypothesis one can conclude that a significant fraction of the cross section 

units are stationary, but one does not know the exact fraction or exactly which units are 

stationary [19, 67]. Third, because none of these tests allow for structural breaks, the time 

series are assumed to be structurally stable, which is unlikely to be the case [19, 26]. Fourth, 

each of the first generation tests are impaired by cross-sectional dependence.  Im et al. [24] 

propose that cross-sectional dependence be addressed by demeaning the data.  Some of the 

studies which have employed the Im et al. [24] test demean the data (see eg. [1]). But this 

approach only addresses cross-sectional dependence if the correlation is constant.  To address 

cross-sectional dependence, Hsu et al. [3] employ the Breur [27] panel seemingly unrelated 

regression ADF (panel SURADF) test. The SUR approach can be applied to more general 

types of correlation, but only when the cross-sectional correlation occurs between stationary 

units [19]. Hsu et al. [3] found mixed evidence of stationarity in energy consumption. To 

address cross-sectional dependence, Mishra et al. [6], Agnolucci and Venn [19] and Narayan 

and Popp [74] employ the Pesaran [39] panel unit root test, which is an extension of the Im et 

al. [24] panel unit root test that explicitly addresses cross-sectional dependence. In all cases, 

the Pesaran [39] panel test suggested that energy consumption contained a panel unit root.  

 

Finally, in an attempt to address both the short span of data with univariate unit root tests and 

the existence of potential structural breaks in the time series, some studies have applied one 

or more of the Im et al. [32] and Westerlund [37] panel unit root or Carrion et al. [26] panel 

stationarity test with multiple structural breaks to energy consumption or production [2, 4, 6, 
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11, 12, 19]. These tests allow for one or more structural breaks in the panel. These studies are 

unanimous in concluding that energy consumption and production are stationary. 

 

3.6. Summary of major findings 

Four main conclusions emerge from this brief review of the different methodologies. First, 

the univariate unit root tests without structural breaks tend to suggest that energy variables 

contain a unit root in a majority of cases.  Second, allowing for up to two structural breaks in 

the univariate unit root tests results in the unit root null hypothesis being rejected in most 

cases. Third, results from tests for fractional integration depend on energy type and sector, 

but overall suggest a high level of persistence in energy series.  Thus, results from fractional 

integration tests are generally consistent with the existence of energy being characterized by a 

stationary process, but where the autocorrelations take longer to decay than the exponential 

rate associated with the ARMA class [68]. Fourth, panel tests without structural breaks have 

not provided much additional evidence in favour of stationarity over univariate unit root tests 

without structural breaks. However, panel tests that accommodate structural breaks provide 

strong support in favour of energy consumption and production being stationary. These 

conclusions suggest that allowing for one or more structural breaks in energy consumption or 

production is important for ascertaining the order of integration of energy variables. 

4. Issues in the literature 

4.1. Geographical coverage 

Of the 25 studies listed in Table 1, nine studies, or 36 per cent of the total, are multi-country 

in nature [1-6, 16, 18, 22, 74]. Most of the multi-country studies examine many countries 

without a specific geographic focus [1-5, 18, 74]. However, a few studies have examined the 

integration properties of energy consumption or production in panels of countries with similar 
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economic characteristics or energy production patterns. Examples are studies for the Pacific 

Islands [6], the OECD [22] and OPEC [16].  The remaining 64 per cent of studies focus on 

(dissagregated) energy consumption or production often by sector in a specific country.  

Detailed country-specific studies are important because they allow for examination of 

different dissagregated forms of energy by sector, which is often not possible in large multi-

country studies. There are 10 studies, or 40 per cent of the total, which examine the 

integration properties of different types of energy consumption or production in the United 

States [7-9, 11-12, 15, 17, 20-21, 40]. Pereria and Belbute [13] suggest that the lack of studies 

for advanced economies is a void in the literature. Compared with the relatively large number 

of studies for the United States, a striking feature of the literature is the paucity of country-

specific studies for other developed and developing countries. There are a lack of studies for 

countries in Africa, Asia, Europe, the former Soviet Union and South America as well as 

other parts of North America. There are studies examining the integration properties of 

energy variables in Australia [10], Portugal [13], Turkey [14, 23] and the United Kingdom 

[19], but there are no studies focused on African, Asian or South American countries at all. 

 

4.2. Type of energy  

Many of the studies in Table 1 have employed aggregate energy [1-3, 6, 10, 14, 18, 19, 23]. 

The problem with so doing is that different forms of energy consumption or production might 

exhibit different types of unit root behaviour [7]. Yang [69] argued that the use of aggregate 

energy data does not capture the degree to which different countries or industries depend 

differently on energy. The use of disaggregated data facilitates comparisons of relative 

energy intensities across uses by energy source [70, 71]. In the specific context of testing for 

a unit root in energy variables, energy variables are more likely to be non-stationary in 
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sectors that are large consumers or producers because shocks will generate larger movements 

from the long-run equilibrium path, resulting in greater degrees of persistence [3, 7]. Second, 

some forms of energy consumption or production might be more volatile or more prone to 

disruption. Forms of energy which experience high volatility are more likely to be associated 

with non-stationary energy consumption or production. The reasoning is that for forms of 

energy consumption or production that experience high volatility, deviations from the long-

run equilibrium path, due to shocks that create volatility in the first place, will be larger. Thus 

departure from the equilibrium path will be less likely to be temporary [4-7].   

 

In response to this criticism, recent studies have examined the integration properties of 

particular types of disaggregated energy. Most studies have focused on various fossil fuels, 

such as coal, natural gas, oil and petroleum [4-5, 7-8, 11, 12, 15-16, 20]. However, some 

studies have also examined the integration properties of renewable energy, including 

disaggregated biomass, geothermal and solar energy [17, 21, 40]. There is no clear consensus 

in the literature about the integration properties of various forms of disaggregated energy. 

 

At the same time, a limited number of studies have examined whether the integration 

properties of (disaggregated) energy vary according to sector [10, 14, 17]. There is not, 

however, any clear consensus about the sectors in which energy variables are likely to be 

stationary. Moreover, the results are confounded because the existing studies use different 

methodologies and examine different forms of energy.  Narayan et al. [10] and Aslan and 

Kun [14] find evidence of stationarity for more sectors than Apergis and Tsoumas [17], but 

this seems to reflect the fact that Narayan et al. [10] and Aslan and Kun [14] employ LM unit 
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root tests with up to two structural breaks and it is allowing for the existence of structural 

breaks in the data, which is providing more power to reject the unit root null. 

4.3.National versus subnational level 

Most of the studies in Table 1 have used national level data. The exceptions are [10, 11, 12, 

15]. The observation points in Narayan et al. [10] are states of Australia, while the other three 

studies focus on states of the United States. Payne [41] recommends in his survey of the 

literature on the causal relationship between energy consumption and economic growth that 

studies pay more attention to differentiating countries according to energy consumption 

patterns or level of economic development.  This recommendation generally also holds true 

for the literature on the integration properties of energy variables. The use of sub-national 

data takes this a step further and provides the means to exploit the cross-sectional dimension, 

while still minimizing the effects of differences in the level of economic development. The 

use of energy data at the sub-national level also has the advantage that it addresses potential 

heterogeneity in the behavior of energy consumption and behaviour across states. 

 

4.4.Energy consumption versus energy production 

Most of the studies in Table 1 have examined the integration properties of energy 

consumption.  Studies which have considered the integration properties of energy production 

are [4, 5, 16, 40]. Of these [4, 5, 16] examine the integration properties of crude oil 

production.  For energy types such as crude oil, given we are considering the effects of 

shocks, in many respects it makes more sense to examine the effects of shocks to production 

in the source country as these studies do.  There is another reason for considering the 

integration properties of energy production. In most instances, production and consumption 

will be highly correlated, but in some instances, particularly in developing countries, 

production and consumption might diverge. Take electricity generation versus consumption 

for example. In developing countries non-technical transmission and distribution (T&D) 
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losses are often high. The World Bank [72] reported that T&D losses in developing countries 

are two to four times higher than in OECD countries.  Thus, electricity consumption figures 

in developing countries are underestimated. However, except for technical losses, all 

electricity generated contributes to GDP. Thus, it makes more sense to employ electricity 

generation as a proxy for electricity in studies examining the causal relationship between 

economic growth and electricity in many developing countries [53-55]. To model such a 

relationship, one needs to know the order of integration of electricity generation [11-12]. 

 

5. Conclusion 

The order of integration of energy variables is important because this determines whether 

shocks to energy consumption or production have permanent or temporary effects. In 

addition to having important practical implications in terms of the effectiveness of policies to 

reduce fossil fuels and increase renewable energy in the energy mix, the order of integration 

of energy variables has important implications for modelling and forecasting energy. 

Different studies have reached different conclusions about the order of integration of energy 

variables, primarily reflecting different methodologies.  Payne [41] concludes that the most 

appropriate methodology to test for cointegration and Granger causality between energy 

consumption and economic growth is panel tests that accommodate structural breaks because 

such tests address problems of small samples with individual time series and structural breaks 

in the data.  Similarly, where appropriate panels are available, panel unit root or stationarity 

tests with structural breaks give the most reliable results as to the order of integration of 

energy variables.  Such studies uniformly suggest that energy variables are stationary around 

a broken trend.  Thus, the answer to the question: Are fluctuations in energy consumption 

permanent or temporary is that for panels at least they are temporary. This conclusion is 

tempered by results from recent studies testing for fractional integration. When one allows for 
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a fractionally integrated alternative, energy appears to exhibit long memory. Thus, shocks to 

energy variables may be temporary in the sense that energy consumption or production 

returns to its long-run growth path, but there might be persistent deviations until that occurs.  

 

For a long time the large literature on Granger causality between energy consumption and 

economic growth became bogged down in a quagmire in which the same limited methods and 

variables were employed, with the only difference being the time period examined [73]. The 

result was a number of conflicting results and serious doubts about the reliability of a whole 

literature for policy purposes [43, 73]. The literature on the integration properties of energy 

variables is not at this stage because it does not have anywhere near the same number of 

studies. However, a potentially worrying aspect of the literature is the piecemeal addition of 

studies looking at various energy types using various methodologies. Such an approach 

makes it difficult to compare findings across studies for policy purposes. As Karanfil [73: 

1193] notes: “One should keep in mind that a policy maker is neither concerned about the 

time period considered in the study nor the methodology employed by the researcher.  He or 

she is only interested in the robustness and consistency of the results”. 

 

In the literature on the integration properties of energy variables, we need a set of results for 

particular types of disaggregated energy, preferably at the sector level, using consistent 

methodologies. To check the robustness of results, it is advisable to use a range of unit root 

tests from the same class of test – for example, multiple univariate unit root tests with 

structural breaks (see [8]) or, preferably, multiple panel unit root tests with structural breaks 

(see [12]). It is not until we reach this point that we can have confidence in the conclusions of 

this literature for policy purposes. A part of this process will be more research on the 
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integration properties of disaggregated fossil fuels and renewable energy at the national, or 

sub-national, level for countries other than the United States.  Once we have a consistent, 

larger, body of results for different disaggregated energy types, countries and sectors, we can 

draw on, and apply, new developments in stationarity and unit root tests as they occur within 

the times series econometrics literature to further our understanding of the integration 

properties of (disaggregated) energy consumption and production. 
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Table 1 

Studies examining the integration properties of energy consumption and production 

Study  Coverage Energy Type Unit Root Test/Findings 

Narayan & Smyth [1] 182 countries, 

1979-2000 

(annual data) 

Energy 

consumption per 

capita 

(a)Dickey-Fuller [25] ADF unit root 

test– 31% of countries stationary 

(b) Im et al. [24] panel unit root test 

without structural break– stationarity 

Chen & Lee [2] Seven regional 

panels 1971-2002 

(annual data) 

Energy 

consumption per 

capita 

Carrion-i-Silvestre et al. [26] panel 

stationarity test with multiple structural 

breaks – stationarity 

Hsu, Lee & Lee [3] Five regional 

panels 1971-2003 

(annual data) 

Energy 

consumption per 

capita 

Breur et al [27] panel unit root test 

without structural break– mixed 

evidence of stationarity 

Narayan, Narayan & 

Smyth [4] 

Panels of 60 

countries, 1971-

2003 (annual 

data) 

Crude oil and NGL 

production 

(a) Im et al. [24], Levin et al. [28], 

Breitung [29], Hadri [30] & Maddala, 

Wu [31] panel unit root/stationarity 

tests without structural breaks – mixed 

evidence of stationarity. 

(b) Im et al. [32] panel test with one 

structural break – stationarity 

Maslyuk, Smyth [5] 17 countries 

1973:1-2007:12 

(monthly data) 

Crude oil 

production 

Caner & Hansen [33] non-linear unit 

root test – for 11 countries evidence of 

unit roots and for six countries evidence 

of partial unit roots in one regime. 

Mishra, Sharma & 

Smyth [6] 

Panel of 13 

Pacific Island 

countries 1980-

2005 (annual 

data) 

Energy 

consumption per 

capita 

(a) Im et al. [24], Levin et al. [28], 

Maddala, Wu [31] and Pesaran [39] 

panel unit root/ tests without structural 

breaks –mixed evidence of stationarity. 

(b) Carrion-i-Silvestre et al. [26] panel 

unit root test with multiple structural 

breaks – stationarity 

Lean & Smyth [7] United States, 

1973:1-2008:7 

(monthly data) 

Disaggregated 

petroleum 

consumption 

Nielsen [34] fractional integration – 

mixed evidence of fractional 

integration, non-stationarity and 

stationarity.  

Apergis & Payne [8] States of United 

States 1960-2007 

(annual data) 

Petroleum 

consumption 

Lee & Strazicich [35] and Narayan & 

Popp [36] Univariate unit root tests with 

two structural breaks – evidence of 

stationarity in majority of cases. 

Gil-Alana, Loomis & 

Payne [9] 

United States 

electric power 

sector 1973:1-

2009:5 (monthly 

data) 

Consumption of 

various 

disaggregated 

energy sources 

Fractional integration with structural 

break – fractional integration. 

Narayan, Narayan & 

Popp [10] 

States  in 

Australia 

1973-2007 

(annual data) 

Energy 

consumption per 

capita by sector 

Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks – stationarity.  
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Table 1 continued 

Apergis, Loomis, 

Payne [11] 

States of United 

States 1982-2007 

(annual data) 

Coal consumption Carrion et al. [26], Im et al. [32] and 

Westerlund [37] panel stationarity/unit 

root tests with structural breaks – 

stationarity 

Apergis, Loomis, 

Payne [12] 

States of United 

States 1980-2007 

(annual data) 

Natural gas 

consumption 

(a) Im et al. [24], Levin et al. [28], 

Breitung [29], Hadri [30] & Maddala, 

Wu [31] panel unit root/stationarity 

tests without structural breaks –non-

stationarity. 

(b) Carrion et al. [26], Im et al. [32] and 

Westerlund [37] panel stationarity/unit 

root tests with structural breaks – 

stationarity 

Pereira, Belbute [13] Portugal, 1977-

2003 (annual 

data) 

Consumption of 

various 

disaggregated 

energy sources 

Non-parametric persistence tests – 

evidence of persistence. 

Aslan, Kum [14] Turkey, 1970-

2006 (annual 

data) 

Energy 

consumption per 

capita by sector 

(a) Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks – stationarity. 

(b) Kruse [38] non-linear unit root test-  

non-stationarity 

Aslan [15] States of United 

States 1960-2008 

(annual data) 

Natural gas 

consumption 

Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks and Kruse [38] non-linear unit 

root test. For 27 out of 50 states natural 

gas is non-stationary. 

Barros, Gil-Alana & 

Payne [16] 

OPEC countries, 

1973:1-2008:10 

(monthly data) 

Crude oil 

production 

Fractional integration with structural 

breaks – mixed evidence of fractional 

integration and non-stationarity 

Apergis & Tsoumas 

[17] 

United States, 

1989:1-2009:12 

(monthly data) 

Consumption of 

disaggregated solar, 

geothermal and 

biomass energy by 

sector 

Fractional integration with and without 

structural breaks – mixed evidence of 

order of integration depending on 

energy type and sector. 

Hasanov & Telatar 

[18] 

178 countries, 

1980-2006 

(annual data) 

Energy 

consumption per 

capita 

(a) Dickey-Fuller [25] ADF unit root 

test– 31% of countries stationary 

(b)Univariate unit root test which allow 

for non-linearities and structural breaks, 

proposed by Sollis [66]  – mixed 

evidence of stationarity 

Agnolucci & Venn 

[19] 

Industrial 

subsectors in the 

United Kingdom, 

1970-2004 

(annual data) 

Energy 

consumption per 

capita 

(a) Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks – stationarity. 

(b) Im et al. [24], Levin et al. [28], 

Breitung [29], Hadri [30], Pesaran [39] 

& Maddala, Wu [31] panel unit 

root/stationarity tests without structural 

breaks –non-stationarity. 

(c) Im et al. [32] panel test with one and 

two structural breaks – stationarity 

Apergis & Tsoumas 

[20] 

United States, 

1989:1-2009:12 

(monthly data) 

Disaggregated 

fossils, coal and 

electricity retail 

consumption 

Fractional integration with structural 

breaks – mixed evidence of order of 

integration depending on energy type 
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Table 1 continued 

Barros, Gil-Alana & 

Payne [21] 

United States, 

1981-2010 

Renewable energy 

consumption 

Fractional integration – evidence of 

nonstationarity with mean-reverting 

behaviour. 

Kula, Aslan & Ozturk 

[22] 

23 OECD 

countries, 1960-

2005 (annual 

data) 

Electricity 

consumption per 

capita 

Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks – stationarity for 21 countries 

Ozturk, Aslan [23] Turkey, Sectors, 

1970-2006 

(annual data) 

Energy 

consumption per 

capita 

Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks – stationarity 

Lean & Smyth [40] United States, 

annual and 

monthly data 

over different 

periods 

Production of 

renewable energy, 

biofuels and 

biomass 

Lee & Strazicich [35] univariate unit 

root tests with up to two structural 

breaks – non stationarity 

Narayan & Popp [74] 93 countries 

divided into 

seven panels, 

1980-2006 

(annual data) 

Electricity 

consumption per 

capita 

Pesaran [39] panel unit root test without 

structural break – non-stationary. 
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