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ABSTRACT

This study examines the convergence of renewable energy consumption in G-7 countries. We employ LM unit root and RALS version of LM unit root
tests with endogenously determined with structural one or two breaks. Despite the increase in renewable energy consumption in G-7 countries, it is
important to identify whether renewable energy consumption converges across these countries to formulate appropriate policies to support sustainable
energy consumption and reduce CO2 emissions. Our analysis indicated that Germany, Italy, and Canada exhibit evidence of convergence. However,
after employing both the LM and RALS versions of the LM unit root tests, which consider level shifts with one or two breaks or trend shifts with
one or two breaks, we found that there is no evidence of convergence for France, Japan, and the United Kingdom. Overall, our results highlight the
importance of formulating country-specific policies to support renewable energy consumption and reduce CO2 emissions. Policymakers need to
identify the drivers of renewable energy consumption and adopt appropriate measures to ensure that the countries can meet their climate goals while

also ensuring energy security.

Keywords: Renewable Energy, G-7 Countries, Convergence
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1. INTRODUCTION

According to the IEA (2019), renewable energies rose by 4% in
2018, accounting for 45% of global electricity growth covering
25% of global power generation. As indicated BP (2019) the
share of renewable energy consumption has significantly raised
in G-7 countries between 2007 and 2017 as follows: Canada,
13.4%, France 17.4%, Germany 11.3%, Italy 16.3%, Japan 13.5%,
United Kingdom 20.4%, and United States 14.3%. While all G7
countries increased the consumption of renewable energy during
the period, United Kingdom and France are the leading countries.
As indicated in the report of REN21 (2018:17) renewable
energy accounts for approximately 18.2% of world total energy
consumption in 2016. It was 18.1% in 2017 (REN21, 2019:17).
China installed about 30% of the global renewable power capacity
alone leaving behind the United States and Germany in 2017.
Besides, United States, Germany, Japan and the United Kingdom

are among the top-6 countries in the world which install non-
hydropower capacity, namely such as ocean and geothermal power,
bio-power, solar, and wind power (REN21, 2018:42). In 2000, the
Germany launched a feed in electricity tariff program aiming at
the promoting to invest in renewable energy technologies. This
program is designed to supports investor to purchase electricity
from renewable energy sources at predetermined rates. In 2010,
feed in electricity tariff came into force in UK. In 2017, the
level of renewable energy consumption in UK grew eight times
compare to 2000 (BEIS, 2018:31). The similar program came
into force in 2009 and 2012 in Canada and Japan. Thus energy
from renewable energy generation increased by 14.5% in 2015
in Japan (JFS, 2017).

In 2017, energy from hydropower generation was 67.1% of
Canada’s total renewable energy consumption. Besides, as
indicated by Natural Resources Canada 17.3% of Canada’s energy
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generates from renewable energies (NRC, 2019). G-7 countries’
electricity generation from renewable energies in 2017 is reported
in Table 1. As can be seen from the Table 1, United States has
the greatest investment in all types of renewable energy sources,
with wind, solar, geothermal, biomass and other sources. Canada
accounts for the lowest electricity generation from solar energy
among G7 countries. I[EA (2018) indicates that while an upward
trend in CO2 emissions was witnessed in most major countries,
a decline was reported in many countries (United Kingdom, US,
Japan) in 2017. The highest drop occurred in the US by 0.5%
due to its shifting away from coal consumption to natural gas
consumption leading a reduction in CO2 emissions. Similar trend
is observed for the United Kingdom. CO2 emissions fell by 3.8%
as a results of switching coal consumption toward natural gas and
renewable energies. In case of Japan, CO2 emissions declined by
0.5% given that the share of renewables and nuclear generation
in electricity increased.

Several researchers utilized LM and RALS version of LM tests
to scrutinize convergence of energy consumption, renewable
energy consumption, electricity consumption, and CO2 emissions
(among others, Meng et al., 2013; Payne et al., 2017b; Mishra
and Smyth, 2017; Pan et al.,2019; Churchill et al., 2020).
Though, there is an increase in renewable energy consumption
in G-7 countries, to formulate appropriate policies to support
renewable energy sources, sustainable energy consumption and
reduce CO2 emissions, it is vital to identify whether renewable
energy consumption converges across G7 countries. To our best
knowledge, this study is the first attempt to examine the renewable
energy convergence of G-7 countries employing LM test unit root
test and a new test is called RALS version of LM unit root test
with endogenously determined with structural one or two breaks.

The remainder of the study is organized as follows. Section 2
includes the literature review. Section 3 presents the data and
methodology. Section 4 provides the empirical results. Section
5 concludes.

2. LITERATURE REVIEW

Many scholars have paid attention to the investigation of
convergence in different contexts, including total energy
consumption, renewable energy consumption, energy intensity
(2006; Huang et al., 2019), CO2 emissions. There appears to be
basically two research strands in literature studying convergence.
The first strand is composed of the studies, investigating a large
panel group of countries, for total energy consumption (e.g.,
Mohammadi and Ram, 2012; Meng et al., 2013; Mishra and
Smyth, 2014; Fallahi and Voia. 2015; Fallahi, 2017; Solarin and
Lean, 2018; Solarin, 2019; Pan and Maslyuk-Escobedo, 2019),
for renewable energy consumption (Maza et al., 2010; Berk et
al., 2018; Solarin et al. 2018; Kasman and Kasman, 2019). For
instance, to test the convergence in per capita energy consumption
Mohammadi and Ram (2012) utilize regression analysis. They
cannot find enough evidence in favor of convergence in per
capita energy consumption. Meng et al. (2013) find convergence
in energy use in most OECD countries employing LM and RALS
version of LM unit root tests. Employ panel tests with structural

shifts, Mishra and Smyth (2014) find that validity convergence
of energy consumption per capita of ASEAN countries. Fallahi
and Voia (2015) find evidence of convergence per capita energy
use in half of OECD countries constructing confidence intervals
in AR models.

Constructing confidence interval, Fallahi (2017) investigates
convergence for energy use of 109 countries. Applying non-
linear unit root tests Solarin and Lean (2018) find support of
convergence of energy consumption in OPEC members including
11 countries. In addition, Solarin (2019) don’t find any evidence
convergence in energy consumption of 79 countries applying the
residual augmented least squares regression. Employing LM and
RALS-LM unit root tests, Pan and Maslyuk-Escobedo (2019) find
evidence of stochastic conditional convergence in per capita energy
consumption in most African countries. Maza et al. (2010) find
convergence for 27 European Union for the share of renewable
energy in total electricity consumption. Applying System-GMM
approach, Berk et al. (2018) fail to find evidence the convergence
of the share of renewable energies in primary energy consumption
for 14 EU countries. Similar results were obtained by Kasman and
Kasman (2019) for 15 EU member countries. Solarin et al. (2018)
find that renewable energy consumption do not converge for most
OECD countries applying fractional integration tests.

Moreover, Balcilar et al. (2018) cannot expose in favor of
convergence in the energy intensity for EU-28 countries using
the Phillips and Sul club convergence approach. Utilizing
panel quantile regression Qi et al. (2019) provide evidence of
convergence in total-factor energy efficiency for 60 of the Belt
and Road Initiative countries. Maza and Villaverde (2008) find
sigma convergence of per capita electricity consumption for
98 countries utilizing the generalized least squares. Employing
panel unit root tests, Hassan and Isiaka (2019) find that per capita
electricity consumption does not convergence among some West
African countries. Kim (2015) provide evidence of convergence
of electricity intensity 109 countries applying clustering algorithm.
There are many studies examining the convergence of CO2
emissions among countries (e.g., Ulucak and Apergis, 2018; Bilgili
and Ulucak, 2018; Cai et al., 2018; Bilgili et al., 2019; Erdogan
and Acaravci, 2019; Emir et al., 2019; Solarin et el., 2019; Ozcan
etal., 2019; Haider and Akram, 2019a; Haider and Akram, 2019b).
For example, applying different unit root tests, according to Cai
et al. (2018) there is evidence that CO2 emissions per capita
converge in 21 OECD countries. Bilgili and Ulucak (2018) find
evidence in favor of convergence in per capita ecological footprint
in the G20 countries by utilizing a bootstrap-based panel KPSS
test with structural breaks and club convergence test. Using club
clustering approach, Ulucak and Apergis (2018) has mixed results
on convergence ecological footprint. Erdogan and Acaravci (2019)
provide evidence in favor of carbon emissions convergence in
OECD countries applying Fourier panel KPSS test. Also, Emir
et al. (2019) don’t find the convergence CO2 intensity in EU-28
countries. Solarin et el. (2019) obtain 10 convergence clubs for
ecological footprint of 92 countries.

Ozcan et al. (2019) conclude that while ecological footprints
are stationary in a panel of low and high income countries, it
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is nonstationary in a lower-middle income country. Haider and
Akram (2019a) find that per capita carbon dioxide emission,
coal, oil, and gas do not convergence for 53 countries. Haider
and Akram (2019b) provide no evidence of carbon footprint
and ecological footprint convergences across 77 countries. The
second strand includes studies both at sectoral and state levels
of individual countries also examined in different frameworks,
including for energy consumption (Ozturk and Aslan, 2011; Hao
etal., 2015; Herrerias et al., 2017; Payne et al., 2017b; Mishra and
Smyth, 2017; Hao and Peng, 2017; Mohammadi and Ram, 2017;
Li et al., 2022), for renewable energy consumption, including
electricity consumption and natural gas consumption (Payne
et al., 2017a). Ozturk and Aslan (2011) provide evidence of the
existence of stationarity of energy consumption for seven energy
sector in Turkey. Hao et al. (2015) find that there is an energy
consumption convergence for China’s 29 provinces using a system
generalized methods of moments. Herrerias et al. (2017) find four
club convergence for coal, two for electricity and liquid clusters
at regional level in China. Payne et al. (2017b) find convergence
of fossil fuel consumption in most USA states utilizing LM and
RALS-LM unit root tests. Following the same methodology,
Mishra and Smyth (2017) find support for stochastic convergence
in energy consumption per capita at all sector levels, expect for
transportation in Australia. Hao and Peng (2017) provide an
evidence of spatial energy consumption convergence for China
at provincial level. Mohammadi and Ram (2017) find no support
for convergence in energy consumption for USA.

3. DATA AND MODEL

Per capita relative renewable energy consumption data across G-7
countries were collected from the EIA database. Figure 1 illustrates
the per capita relative renewable energy consumption among G7

countries in the period between 1960 and 2017. As it can be seen
from Figure 1, while there is no trend till 2005, after that, a sharp
downward trend is observed for Canada. Regarding France, until
1970, France has low average, but after 1970, it appears to have
a level shift with a decreasing trend. Similar result is observed for
Germany. After 1970, there has been a sharp increase in the level
of relative renewable energy consumption. After 1995s, it has an
increasing trend in Germany. On the other hand, relative renewable
energy consumption for Italy has downward trend until 1990 and
after that period, it has become an increasing trend. Japan has the
most volatile relative renewable energy consumption across G-7
countries.

Relative renewable energy consumption has decreasing trend
until 1980s, but in the following period, it has an upward level
shift with no trend. Until late 1985s, relative renewable energy
consumption has no trend, but in the next period, the increasing
trend attracts attention for UK. USA has declining trend overall
period except for in the period between 1970 and 1985. As it can
be seen from Figure 1 has three sharp decline is observed, which
the first one is in the year of 1970, and the others are in 2002
and 2007, respectively. In order to investigate the conditional
convergence for renewable energy per capita in G-7 countries,
following Solarin et. al., (2018) and Solarin and Lean (2018), we
use the model as follows:

RECi j

Relative renewable energy consumption per capitai=In
AEC:

Where REC, and AEC, denote the renewable energy consumption
per capita for each country i and average renewable energy
consumption per capita at the time ¢, respectively.

Figure 1: Per capita relative renewable energy consumption for G-7 Countries
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4. METHODOLOGY

Conventional unit root tests assume that error terms should be
distributed normal. However, like AREC, many series in the
economy is not always meeting the normality condition as in
Table 1, which illustrates the Jarque-Berra statistics for ADF test.
RALS version of LM test procedure stretches the condition that the
error term is distributed normal in the unit root tests. Therefore,
in this paper, so as to search the presence of the convergence of
renewable energy consumption among the G7 countries we took
advantage of RALS-LM unit root procedure. To implement the
RALS version of LM test strategy, we prosecuted five steps,
following Meng (2013); Im et al. (2014); Meng et al. (2013) and
Meng et al. (2014). In the first step, LM test strategy is computed,
and in the second step using the final equation in step 1 the w_t
term is calculated. Regressing RALS model with w, term is the
third step of the RALS-LM test. In step four, using the estimation
of the error variance of the last equation in step three, p which
helps to obtain t statistics in step five, is calculated. Finally, in the
fifth step, t statistics are obtained. The details of these 5 steps to
compute RALS-LM test strategy are as follows:

In the first step, LM test strategy should be computed. RALS- LM
test depends on LM test strategy, which is suggested by Schmidt
and Phillips (1992). Null hypothesis intimates /= 1, against <1,

Y=y +8i+x, (1)
x, =Px,_ +e )
Where ¥ and & denote level and deterministic trend respectively.

LM and the DF test strategies differs from each other in the de-
trending. For the LM version tests, the regression in differences of
Ay, on Az with z = [1,2]" is used for determining the coefficients
of the deterministic trend components. Expressing the Maximum
Likelihood Estimates (MLEs) from the LM procedure as  and

3 , de-trending form of'y is:
)7t=y,—l/;+§~t (3)

If there is no-break, z, can be represented as z, = [1,t]'. On the other
hand, if the model involves level shift where a break occurs at
t = T,, defining the D is the dummy variable which described as
D=1ift=T,+1and D, =0if ¢ < T,, we can rewrite equation
(1) and (2) as follows:

Table 1: G-7 countries’ electricity generation from renewable energies in 2017

Canada

United States 256.87 78.06
France 24.32 9.16
Germany 105.69 39.40
Ttaly 17.74 24.38
United Kingdom 50.00 11.52
Japan 6.11 61.83

v, =y +&t+dD, +x, 4)
X, =Bx,_ +e ()

Therefore, z, can be described as z,=[1,t,D]". Besides, in process
of multiple structural shifts, the similar critical values of the LM
test (with no-break) are employed.

Eventually, the LM unit root test statistics are acquired from the
following regression:

Ay, =0'z, + ¢y, +e (6)

Where ¥ represents the restricted MLE and 3, =y, V¥ —2,0 ;
§ is the vector of coefficients in the regression of Ay, on AZ for
t=2.3,...,T.

Finally, new model taking into account the autocorrelation
problem:

P
Ay, = 5,Zt +Qy, 4+ ZCjAj’t—l +¢; (N
=1

In the second step using the final equation in step 1 the w, term is
calculated using the equation (7). To obtain w, we need to get m,

R .
(m; = ?ze/ for J =2,3,p ) which should be calculated for
=1

RALS(2&3). After that, the w, term can be calculated as follows:

’

ﬁ’i‘.’%—[?— 2= 33 ZtAtz:I (®)

After obtaining w, third step is regressing RALS model with w,
term.

)4
Aidigigg 5'A +(p~_l+z A+ Ty + )
j=l1

To adjust LM procedure against to non-normal error, Meng (2013)
used the method of Im et al. (2012). &i and &2 are denotes
the estimation of the error variance in the regression (7) and
RALS-LM regression in (9), respectively. In step four, using
the estimation of the erros variance of equation (9) in step three
p should be calculated.

42.08
82.83 417.76
7.99 41.47
51.09 196.19
25.58 67.70
31.87 93.40
30.87 98.81

Source: BP (2019)
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Table 2: No-break LM unit root and RALS-LM unit root tests

Canada —0.21 -1.76 069 0 -2.93 33.28 0

France 1.87 -1.82 034 0 —2.57 10.07 0.06
Germany 1.33 —-1.51 028 0 -2.57 1.45 0.48
Italy —-0.31 —-0.83 1.02 0 —3.08 5.05 0.07
Japan —-0.77 —2.66 081 0 -2.99 12.86 0

UK 0.03 0.01 051 0 —2.78 5.48 0.06
USA —-1.85 —2.15 071 0 —2.92 3.17 0.2

Table 3: LM Unit Root and RALS-LM Unit Root Test Results with Level Shift (One Break)

Canada —2.53 —2.07 091 1977 18 —3.04
France -1.27 -1.18 1.06 2010 51 -3.09
Germany —2.53 —-1.51 0.26 1985 26 —2.57
Italy —2.45 -2.17 0.88 1974 15 —3.04
Japan -2.39 —2.35 0.61 1981 22 —2.86
UK -2.03 0.36 0.43 1983 24 —2.86
USA —3.87 -3.23 0.97 1984 25 -3.09

Table 4: LM Unit Root and RALS-LM Unit Root Test with Level Shift (Two Break)

Canada —2.71 —2.55 0.97 1977 1982 10 —3.04
France —1.64 —1.46 1.06 1990 2010 11 -3.1
Germany -54 —6.16 0.77 1981 2004 12 -2.99
Italy -2.76 —2.37 0.85 1974 1985 10 2.99
Japan -3.95 —2.15 0.81 1996 2011 12 —2.99
UK —2.38 —0.08 0.43 1983 1991 3 —2.68
USA —4.32 -3.85 0.99 1984 2000 11 -3.1

Table 5: LM Unit Root and RALS-LM Unit Root Test with Trend Shift (One Break)

Canada -5.21 -2.18 0.76 2001 5 -3.61
France -9.07 -3.21 0.47 1971 0 -3.27
Germany -5.31 -5.05 0.88 2004 10 -3.69
Ttaly -3.48 —3.54 0.99 1989 3 -3.79
Japan -3.28 -3.01 0.9 1978 0 -3.69
UK -3.56 —1.87 1.04 1988 3 -3.79
USA -2.98 -1.53 0.79 1970 0 -3.61

Table 6: LM Unit Root and RALS-LM Unit Root Test with Trend Shift (Two Break)

Canada —4.75 —5.27 0.71 2002 2010 12 —3.99

France —2.45 —2.07 0.87 1974 1976 11 —4.25
Germany —6.05 —6.68 0.79 2004 2009 12 —4.13

Italy —3.51 —2.17 0.99 2000 2010 0 —4.37

Japan —4.01 -1.74 0.85 1992 2011 12 —4.13

UK —2.4 0.81 0.47 1983 1986 0 —3.68

USA —4.3 —2.89 1.06 1984 1995 12 —4.37

R ”j Where 7, is the limiting distribution of the t-statistic and p
pP= &2 (10) represents the correlation between e, and ¥ (e).

5. EMPIRICAL RESULTS

Finally, in the fifth step, using p, we can obtain t statistics as

follows:
We utilized LM unit root and RALS version of LM unit root tests

with no break, level shift one and two-break, and finally with trend
shift with one and two-break. The null hypothesis of a presence

Toin = PTria +y1—p2N(0,1) (11)
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of unit root suggest that per capita relative energy consumption of
time series do not converge across G-7 countries. The rejection of
the null hypothesis that revealed that per capita relative renewable
energy consumption is stationary.

The results of the no-break LM unit root and RALS version of LM
unit root tests are shown in Table 2. The results show that the null
hypothesis of a unit root is rejected at the 5% significance level
suggesting there is no evidence that relative energy consumption
is converging among G-7 countries.

Table 3 shows the results of the one-break LM unit root and RALS
version of LM unit root tests with level shift. The null hypothesis
cannot be rejected at the 5% significance level. Hence, the unit
root test results with one-break provide support for convergence in
relative energy consumption for USA at the 5% significance level.

To scrutinize the impacts of allowing for two-break instead of one-
break in level shift model, we employ LM and RALS version LM
unit root test with level shift (two break). The unit root test results
are reported in Table 4. The unit root test results provide evidence
of convergence in renewable energy consumption for Germany.

Table 5 displays the results LM unit root and RALS version of
LM unit root tests with trend shift model (one-break). According
to the results, the null hypothesis of a presence of unit root cannot
rejected for Canada, France, Japan, UK and USA, while the null
hypothesis can be rejected for Germany and Italy at the 5% level.

The results of two-break LM unit root and RALS version of LM
unit root tests with trend shift are reported in Table 6. The null
hypothesis is rejected for Canada and Germany indicating that
there is convergence in relative renewable energy consumption for
Canada and Germany. The null hypothesis of a presence of a unit
root cannot be rejected for France, Japan, and UK when utilizing
LM unit root and RALS version of LM unit root tests with level
shift with one or two-break or trend shift with one or two-break.

The endogenously determined break dates provide important
information and implications for the countries under
investigation. Those break dates may be attributed the economic
policies, crises, and regime shifts. For instance, the break
dates in renewable energy consumption in France, Italy and
Canada occurred in 1974, 1974 and 1977 were associated
with the energy crisis in 1973. Then, many countries seek
energy alternatives, including renewable energy sources. The
second break date in relative renewable energy consumption
in Italy detected in 1982 when government implemented an
important act in terms of renewable energy sources (Farinelli,
2004). For Germany, 2004 seems to be most frequent break
date corresponded to the feed in electricity tariff program
launched in 2000. The similar program came into force in 2012
corresponded to the break date detected in 2011 in Japan. The
break date in relative renewable energy consumption in Canada
occurred in 2010 is coincided with the implementing Green
Energy and Green Economy Act in 2009 in Canada (Hoberg and
Rowlands, 2012). Regarding UK and USA, the most frequent
break dates are 1983 and 1984 which may be associated with

the increases in oil prices after the 1979. The most likely
reason behind the second break in relative renewable energy
consumption in UK occurred in 1991 is the UK’s Non Fossil
Fuel Obligation program in 1990 for supporting the nuclear
and renewable energy sources (EIA, 2018).

6. CONCLUSION

This paper investigates convergence in renewable energy
consumption across G-7 countries the data from 1960-2017
employing LM unit root and RALS version of LM unit root
tests with no break, level shift with one and two-break or trend
shift with one or two-break. Overall, the empirical evidence of
no-break LM and RALS-LM unit root tests cannot provide a
clear support for convergence in renewable energy consumption
across G7 countries. On the other hand, the null hypothesis of a
unit root can be rejected while considering the structural breaks.
Considering the endogenously determined breaks, the results of
the LM unit root test and RALS version of LM unit root test with
level shift one-break) provide evidence in favor of convergence
in renewable energy consumption in the United States. Besides,
we found evidence for Germany, Italy and Canada in favor of
convergence. However, utilizing the LM and RALS version of LM
unit root tests with level shift (one or two-break or trend shift with
one or two-break) findings revealed that there is no convergence
for France, Japan, and UK.
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