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Abstract: The aim of this paper is to examine the connections among time-frequency dependencies
associated with electrical power consumption (EPC), economic growth, and financial development
(FD) in Portugal, Italy, Greece, and Spain during the period 1970–2014. Using monthly data collected
from the World Bank (WB) and Federal Reserve Bank of St. Louis (FRED), the wavelet analysis is
applied, which allows for assessing the co-movement between these variables. As a first step, a
classical time-domain approach is used to alternatively test the connection, including unit-root tests
and cointegration. To achieve a comprehensive understanding of the relationships between EPC,
economic growth, and FD, we employ Wavelet Transform Coherency (WTC) and Partial Wavelet
Coherency (PWC) to explore both their temporal and phase-based dynamics. The main findings
show that EPC leads FD, but in the short term, and periods dominated by economic stagnations and
political crises. Otherwise, FD drives EPC in the medium term, under economic expansion periods.
In both cases, economic growth is crucial, being a strong binding force of the interaction between
EPC and FD. The difference in the applied results provides alternative policy implications, justifying
the use of the wavelet approach.

Keywords: electricity consumption; economic growth; financial development; time series; wavelet
analysis; PIGS countries

1. Introduction

The current investigation explores the time-frequency dependencies within electric
power consumption (EPC), financial development (FD), and Gross Domestic Product (GDP)
across Portugal, Greece, Italy, and Spain over the period 1970–2014. The empirical approach
incorporates time-series methods and utilizes wavelet analysis (WA) tools.

Time-domain analysis represents the predominant approach in the economic literature
for studying time series. This method involves modeling the evolution of individual
variables and evaluating multivariate relationships over time. Conversely, another strand
of the literature concentrates on the frequency domain. Wavelet analysis (WA) integrates
both methodologies, considering both time and frequency domains. This approach enables
the distinction between short- and long-run dynamics throughout the entire sample period.

Recently, several studies have explored the link between EPC and FD. Additionally,
numerous investigations have reported a significant connection between EPC, FD, and
Gross Domestic Product (GDP). As indicated by various investigations [1–7], the empirical
evidence consistently points to an association where an increase in electricity consumption
is correlated with a discernible impact on both financial development and economic growth.

The intricate relationship between financial development (FD) and energy consump-
tion has become a central area of scrutiny for researchers and policymakers worldwide.
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Despite numerous studies proposing a connection between FD and energy consump-
tion, the empirical evidence consistently produces mixed results, as highlighted by [8].
Studies supporting the notion that FD positively influences energy use by stimulating eco-
nomic growth, such as [9], exist. However, the direction of causality remains inconclusive,
with [10] observing that energy consumption might precede FD. In contrast, refs. [9,11–13]
demonstrated how FD drives energy consumption. Refs. [14–16] identified empirical sup-
port for a bidirectional (feedback) link between these two variables. Conversely, refs. [17,18]
emphasized the absence of a causal nexus between energy consumption and FD. Intro-
ducing a novel perspective through the Artificial Neural Networks approach, refs. [19]
underscored the significant influence of credit in propelling the advancement of the agri-
cultural sector. Furthermore, in industrialized nations, it is noted to have a consequential
impact on productivity.

In recent studies, including those of [20,21], wavelet analysis (WA) has been used to
investigate the intricate relationship between energy consumption and financial develop-
ment. In a parallel manner, the link between energy consumption and economic growth
has been examined in studies by [22–28] through the application of WA.

The literature specifically addressing the influences of country risks on the association
between electricity consumption and FD is very limited. To address this gap, the current
study makes substantial contributions to the existing literature in multiple ways. More
precisely, this study distinguishes itself from prior research by using WA to examine
the co-movement between EPC and FD in Portugal, Italy, Greece, and Spain. This is a
departure from most of the literature, which typically explores the relationship between
these variables using cointegration and causality tests. Past research has primarily utilized
Granger causality and cointegration techniques to investigate the relationship between
electricity and economic growth. Despite its widespread use, the validity of using Granger
causality to infer causal relationships among time series has been the subject of ongoing
debate. Furthermore, while the original definition was broad, limitations in computational
tools have restricted the application of Granger causality mostly to simple bivariate vector
autoregressive processes or pairwise relationships among a set of variables [29]. Similarly,
ref. [30] highlights the issue of measurement errors in one of the variables in tests of
Granger causality. From the viewpoint presented by [31], the traditional Granger causality
test operates under the assumption of a linear relationship between time series, yet it is
conceivable that the true relationship could be nonlinear. To overcome these difficulties,
the present study uses WA to inspect the link between electricity demand and FD, as WA is
applied regardless of the unit roots and cointegration properties of the data. However, the
stationarity properties of the series are checked through [32,33] tests for structural breaks.
To the best of our knowledge, this is the first study that applies WA to data from Portugal,
Italy, Greece, and Spain.

The adoption of the WA methodology is mainly due to the fact that it provides a
significant edge over conventional time-series techniques by enabling the simultaneous ex-
amination of time and frequency domains. This dual capability is critical in identifying and
interpreting the dynamic, time-varying relationships among economic growth, electricity
consumption, and financial development across different time scales.

Specifically, this methodology allows us to achieve the following:

1. Capture multi-scale dynamics: Unlike traditional approaches that typically assume
static relationships, wavelet analysis accounts for both short-term and long-term
interactions. This is particularly relevant given the economic volatility and structural
breaks in the PIGS countries during the study period.

2. Analyze phase relationships: Wavelet Transform Coherency (WTC) and Partial Wavelet
Coherency (PWC) enable us to identify not only the strength of co-movements but also
the lead-lag dynamics between variables. This provides deeper insights into causal
relationships, particularly under varying economic conditions.
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3. Address structural breaks: Given the economic crises and structural changes within
the dataset period, wavelet analysis is robust to non-stationarities and structural
breaks, making it an ideal choice for our study.

The gas price crisis and the shortage of supplies from Russia have prompted Europe
to diversify its energy sources and intensify relations with different partners (Norway,
North African countries, and Qatar). Following a well-traced European line of decisive and
necessary liberation from dependence on Russian natural gas, Mediterranean countries
continue their race to diversify their energy supplies, in particular, working on several
fronts to have a leading role in the Mediterranean area.

The remainder of the paper is divided into the following sections: Section 2 reviews
the literature, Section 3 provides an overview of the econometric methodology and the
data, Section 4 provides the results, and Section 5 offers the conclusion.

2. Literature Review

In recent times, there has been a growing interest among researchers in explor-
ing the relationships between electricity consumption, financial development (FD), and
economic growth [34–44].

Ref. [6] contribute uniquely by investigating correlations among electricity consump-
tion, financial development (FD), economic growth, and CO2 emissions within the Gulf
Cooperation Council (GCC) nations. Their principal findings uncover a persistent and
positive association between electricity consumption, economic growth, and CO2 emis-
sions. Furthermore, a significant negative relationship between financial development
(FD) and CO2 emissions is discerned. In a parallel study, ref. [42] delve into the dynamic
interplay among FD, GDP, electricity consumption, and exports in Jordan, spanning the
years from 1976 to 2011. Utilizing the Auto-Regressive Distributed Lags (ARDLs) approach
and the Granger causality test, their results unveil a long-term equilibrium relationship
between electricity consumption and GDP. Notably, this relationship is characterized by a
unidirectional causality from GDP to electricity consumption.

Another set of researchers, including [45], delve into the asymmetric dynamics within
the relationships involving financial development (FD), economic growth, and energy
consumption. They utilize the Nonlinear ARDL (NARDL) bounds testing method to dis-
cern these connections. Their findings underscore a cointegration among the variables,
highlighting that adverse shocks to FD can have repercussions on economic growth. In the
examination of causal relationships among FD, GDP, and CO2 levels in GCC countries, [43]
utilize the ARDL bound testing approach. The results unveil a long-term and causal associ-
ation among FD, GDP, CO2, and energy consumption across all GCC nations, excluding
the United Arab Emirates (UAE).

In a comprehensive study that examined 22 emerging economies, ref. [46] established a
statistically significant positive correlation between financial development (FD) and energy
consumption. Expanding upon this research, ref. [47] delved into nine Central and Eastern
European frontier economies, consistently corroborating the positive linkage between FD
and energy consumption. In a departure from these previous findings, ref. [48] adopted
a unique approach by utilizing a Generalized Method of Moments (GMM) methodology
within the EU-27 over the period 1990–2011. Notably, their primary findings deviated
from those of earlier studies, suggesting an absence of a statistically significant relationship
between FD and energy consumption.

Over the last few years, a significant strand of the literature in the field has developed
around the most vanguard wavelet methodology (Table 1).
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Table 1. Summary of the existing literature on the relationship between electricity consumption,
financial development, and GDP through the WA approach.

Author(s) Study Period Countries Variables

Aslan et al. (2014) [49] 1973–2012 USA Real GDP and primary energy consumption

Deniz (2015) [50] 1971–2011 12 emerging markets EPC and GDP growth rate

Ha et al. (2018) [51] 1953–2013 China
Real per capita GDP, real per capita capital stock,

average labor population, and per capita
energy consumption

Jammazi (2018) [52] 1980–2013 6 GCC countries Per capita CO2 emissions, annual GDP growth rate,
and energy consumption

Kristjanpoller et al. (2018) [53] 1972–2014 74 countries EPC and real per capita GDP

Le (2022) [26] 1985–2019 Vietnam
Non-renewable energy consumption, renewable

energy consumption, economic growth, and
CO2 emissions

Magazzino et al. (2021) [24] 1926–2008 Italy Energy consumption and economic growth

Mahmood et al. (2022) [21] 1999–2017 China Electricity demand and economic growth

Matar (2020) [20] 1980–2017 6 GCC countries FD and EPC

Ozun and Cifter (2007) [54] 1968–2002 Turkey Electricity consumption and real GNP

Notes: GNP, Gross National Product; GDP, Gross Domestic Product; EPC, electric power consumption;
FD, financial development; CO2, carbon dioxide. Sources: authors’ elaboration.

The strand of wavelet contributions reveals mixed results, depending on the targeted
country, sample period and frequency, and chosen variable types. Unfortunately, no paper
explores the case of Portugal, Italy, Greece, and Spain.

3. Methodology and Data
3.1. Methodology

The first step in the empirical analysis involves scrutinizing the stationarity properties
of the series through the application of two unit-root tests that consider structural breaks.
Considering the inclusion of the financial crisis period spanning from 2007 to 2008, the
anticipation is that a breakpoint will emerge in the time series, signaling a shift in its trend.
Therefore, two unit-root tests with break point are considered to test the stationarity of the
series, in both level and first difference: ZA [32] and CMR [33] tests. The ZA test considers
intercept, and intercept and trend, while the CMR test uses additive and innovative outliers.
Furthermore, to examine the long-term relationship among the variables, we apply the [55]
cointegration test.

Wavelet techniques are utilized concurrently as an alternative methodology. Wavelets
function similarly to a wide-angle camera lens, enabling the capture of expansive landscape
vistas while also zooming in on microscopic intricacies typically imperceptible to the human
eye. In mathematical terminology, wavelets represent local orthonormal bases comprising
small waves that decompose a function into layers of varying scales.

The development of the wavelet and the wavelet transform appears to be more
clearly and effectively established in light of the ever-increasing demand for exciting new
mathematical tools for introducing both theory and application in science and engineering.
The concept of a wavelet can be introduced through a number of distinct streams of thought,
taking into account the variety of fields in which wavelet analysis finds application and is
of interest.

The term “wavelet” denotes a compactly supported function representing a small
wave or a component within a wavelet. The requirement for this window function to have
a finite length is termed “smallness”.

The property of oscillation in this function is denoted as the wave characteristic.
Wavelets are a more efficient alternative to Fourier series for function representation. time-
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frequency signal analysis, wave propagation, and sampling theory all played a role in the
development of the wavelet concept in the past. Through translation and dilation, wavelets
are created from a single function called the mother wavelet.

In line with the conclusions drawn by [56], a fundamental condition for a function to
qualify as a mother wavelet is its satisfaction of an admissibility criterion, also referred to
as follows:

0 < Cψ :=
∫ ∞

−∞

|Ψ(ω)|
|ω| dω < ∞ (1)

where the preceding constant, Cψ, is referred to as the admissibility constant. It appears that
the aforementioned admissibility condition is equivalent to necessitating that for functions
exhibiting adequate decay:

Ψ(0) =
∫ ∞

−∞
ψ(t)dt = 0 (2)

So, it must function in a manner characteristic of a wave. Building upon the approach
of [56], we begin with a mother wavelet and generate a family of wavelet daughters, ψτ,s,
via the scaling and translation of ψ:

ψτ,s(t) :=
1√
|s|

ψ

(
t − τ

s

)
, s, τ ∈ R, s ̸= 0 (3)

where s is a scaling or dilation factor that controls the wavelet’s width, and τ is a translation
parameter that controls the wavelet’s location. Additionally, the Continuous Wavelet
Transform (CWT) of a time series, x(t) ∈ L2(R), with respect to the wavelet, ψ, is a function
of two variables, Wx,ψ(τ,s):

Wx;ψ(τ, s) =
∫ ∞

−∞
x(t)

1√
|s|

ψ*
(

t − τ

s

)
dt (4)

where the position of the wavelet in the time domain is given by τ, and its position in the
frequency domain is given by s. Drawing upon the established properties of the Fourier
transform, it becomes apparent that the CWT can also be expressed in the frequency domain
in the following manner:

Wx(τ, s) =
√
|s|

2π

∫ ∞

−∞
Ψ*(sω)X(ω)eiωτdω (5)

The (local) Wavelet Power Spectrum (WPS), also known as the scalogram or wavelet
periodogram, can be described in terms that are analogous to those used in the Fourier case:(

WPS)x(τ, s) = |Wa(τ, s)|2 (6)

In accordance with [56], and analogous to the Fourier analysis concept of coherency,
one can define the complex Wavelet Transform Coherency (WTC), ρxy, of two time series,
x(t) and y(t), as follows:

ϱxy =
S
(
Wxy

)[
S
(
|Wx|2

)
S
(∣∣Wy

∣∣2)]1/2 (7)

where S denotes a smoothing operator in both time and scale. The polar form of the
complex wavelet coherency is ρxy = |ρxy|eiϕay . The wavelet coherency, or absolute value of
the complex wavelet coherency, is denoted by Rx,y as follows:

Rxy =

∣∣S(Wxy
)∣∣[

S
(
|Wx|2

)
S
(∣∣Wy

∣∣2)]1/2 (8)
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with 0 ≤ Rx,ψ(τ,s) ≤ 1. The angle ϕxy of the complex coherency is called the phase difference
(phase lead of x over y):

ϕxy = Arctan

(
I
(
S
(
Wxy

))
R
(
S
(
Wxy

))) (9)

In time-series analysis, the phase difference between two series, ϕxy, reveals their
relative movement at a specific time-frequency. When ϕxy is zero, the series move together
perfectly. If 0 < ϕxy < π/2, they move in phase, but series x leads series y. Conversely, for
−π/2 <ϕxy < 0, series y leads. A phase difference of π (or −π) indicates anti-phase, where
series y leads when π/2 <ϕxy < π. Finally, series x leads when −π < ϕxy < π/2.

Finally, for robustness reasons, the PWC tool proposed by [57] is also considered in
order to analyze the implications of a control variable, as a mediator factor, on the interested
link. More precisely, the method removes the effect of control filtering its influence on
the interested bi-variate relationship. The color code used for interpretation indicates the
intensity of coherency, going from blue (low coherency) to yellow color (high coherency).

3.2. Data

The empirical analysis employs annual time-series data of electrical power consump-
tion (EPC), measured in kilowatt-hours per capita; domestic credit provided by the fi-
nancial sector (FD), represented as a percentage of GDP; and per capita GDP (RPCGDP)
in constant 2010 US dollars for the nations of Portugal, Italy, Greece, and Spain during
the period 1970–2014. The length of the dataset is dictated by official dataset availability
(i.e., unfortunately, domestic credit provided by the financial sector is available until 2014
only). Data for EPC are collected from the World Development Indicator (WDI), provided
by the World Bank (WDI), while FD and RPCGDP are taken from the Federal Reserve Bank
of St. Louis [58]. The length of the sample is dictated by the data availability. In estimations,
the variables are used in their natural logarithm forms.

Table 2 presents the descriptive data analysis (raw values). The mean and median
values of each variable are positive and quite similar, which is a clue indicating a Gaussian
distribution. The negative values of skewness imply left-skewed distributions, with more
observations on the right.

Figures 1 and 2 illustrate the evolution of these variables over time, in all considered
countries. Figures show an upward trend in all series, for all countries, with a turning
point during the financial crisis from 2007 to 2008. After this point, all the series exhibit a
descending trend.
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Table 2. Descriptive statistics.

EPC

Country Minimum Maximum Mean Median Std. Dev. Skewness Kurtosis

Greece 1023.792 5805.192 3518.323 3398.384 1461.453 0.026 1.685

Italy 2072.913 5833.467 4171.529 4303.646 1207.97 −0.172 1.628

Portugal 763.902 4959.094 2879.993 2803.202 1443.957 0.107 1.522

Spain 1415.841 6111.219 3879.950 3638.527 1490.616 0.095 1.631

FD

Country Minimum Maximum Mean Median Std. Dev. Skewness Kurtosis

Greece 34.9 135.1 61.269 45.300 32.549 1.333 3.237

Italy 53.9 126.9 81.198 74.900 22.628 0.889 2.560

Portugal 77.1 231.6 134.729 116.2 46.04 0.769 2.268

Spain 69.2 224 113.249 81.5 54.245 1.065 2.454

RPCGDP

Country Minimum Maximum Mean Median Std. Dev. Skewness Kurtosis

Greece 10,726.716 24,072.791 16,850.994 15,691.945 3366.413 0.622 2.593

Italy 15,736.184 34,081.09 26,566.937 27,894.242 5769.363 −0.424 1.833

Portugal 7658.744 19,985.699 14,618.025 15,193.055 4096.581 −0.128 1.455

Spain 11,436.033 27,218.449 19,525.516 19,403.33 4987.73 0.082 1.539

Source: authors’ calculations.
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From these graphs, a positive correlation between each pair of variables, in their log
forms, clearly emerges.

4. Empirical Results

Table 3 shows the result of the ZA unit-root test, with one structural break, having a
null hypothesis of nonstationarity. For all considered countries and all series, the results
indicate that the null hypothesis cannot be rejected, with the variables having unit roots
with structural breaks for intercept and for intercept and trend.

Table 3. ZA test results.

Variable EPC FD RPCGDP

Country Type of Outlier Level First
Difference Level First

Difference Level First
Difference

Greece
Intercept −3.180 ***

[2007]
−6.146
[1994]

−3.174 ***
[2000]

−4.640 **
[1997]

−2.479 ***
[1999]

−4.728 **
[2007]

Intercept and trend −6.010
[2007]

−6.359
[1983]

−3.533 ***
[1990]

−4.435 ***
[1998]

−3.512 ***
[2003]

−4.560 ***
[1994]

Italy
Intercept −0.939

[2007]
−7.091
[1984]

−3.317 ***
[1999]

−4.783 **
[1984]

−0.330 ***
[2007]

−7.005
[2007]

Intercept and trend −3.489 ***
[2004]

−7.272
[1984]

−3.449 ***
[1978]

−4.778 ***
[1999]

−2.307 ***
[2002]

−6.987
[2000]

Portugal
Intercept −0.437 ***

[2007]
−5.491
[2007]

−4.670 **
[1985]

−4.364 ***
[1991]

−2.070 ***
[1988]

−6.107
[1987]

Intercept and trend −2.774 ***
[2004]

−5.680
[1995]

−5.049 **
[1985]

−4.196 ***
[1991]

−3.168 ***
[2004]

−5.893
[1985]
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Table 3. Cont.

Variable EPC FD RPCGDP

Country Type of Outlier Level First
Difference Level First

Difference Level First
Difference

Spain
Intercept −2.184 ***

[2007]
−3.900 ***

[2006]
−3.810 ***

[1999]
−3.279 ***

[1995]
−3.290 ***

[2007]
−3.631 ***

[1985]

Intercept and trend −3.971 ***
[1999]

−4.422 ***
[1997]

−3.061 ***
[1982]

−4.145 ***
[1998]

−3.813 ***
[2004]

−3.947 ***
[1982]

Notes: (1) H0, the series has a unit root with a structural break; (2) *** and ** denote 1 and 5 levels of significance;
and (3) [. . .] indicates the optimal/selected breakpoint.

Afterward, the CMR test is employed in Table 4. The results are mixed. Herein, EPC
and FD have a unit root with a structural break, with few exceptions (e.g., EPC for Spain
and RPCGDP for Portugal), while RPCGDP is rather a stationary variable.

Table 4. CMR test results.

Variable EPC FD RPCGDP

Country Type of Outlier Level First
Difference Level First

Difference Level First
Difference

Greece
Additive 10.718

[1988]
−3.706
[2006]

15.330
[2002]

4.406
[1995]

9.659
[1999]

−4.041
[2009]

Innovative 1.264 ***
[1981]

−3.773
[2007]

5.762
[1998]

3.062
[1995]

2.334 *
[1995]

−2.374 *
[2008]

Italy
Additive 12.356

[1989]
−4.965
[2005]

4.477
[2010]

3.522
[1981]

11.321
[1989]

−4.304
[2005]

Innovative 2.303 *
[1982]

−4.176
[2006]

4.130
[1997]

3.080
[1982]

0.873 ***
[1974]

−2.718 *
[2006]

Portugal
Additive 11.402

[1991]
−5.457
[2004]

10.825
[2002]

1.730 ***
[1988]

12.686
[1991]

−2.890
[2001]

Innovative 0.286 ***
[1974]

−2.371 *
[2001]

3.093
[1996]

1.630 ***
[1989]

4.084
[1985]

−2.883
[1999]

Spain
Additive 9.458

[1997]
−4.673
[2003]

17.766
[2001]

2.924 *
[1994]

12.290
[1991]

−3.851
[2005]

Innovative 3.037
[1993]

−3.523
[2004]

2.996
[1997]

1.819 **
[1995]

2.526 *
[1984]

−3.448
[2006]

Notes: (1) H0, the series has a unit root with a structural break; (2) ***, **, and * denote rejection of the null
hypothesis at the 1, 5, and 10% levels of significance; and (3) [. . .] indicates the optimal/selected breakpoint.

Corroborating the results of both ZA and CMR tests, we can conclude that, for all
considered countries, the series are integrated by order one (i.e., I(1)), exhibiting unit-
root processes.

Next, we employ the [55] cointegration test, which is specifically designed to handle
potential structural breaks within the data, as observed in Table 5.
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Table 5. Gregory-Hansen cointegration test results.

ADF

Country Intercept Trend Regime Regime and Trend

Greece −2.93
[1984]

−5.01
[1989]

−3.71
[1985]

−5.94 *
[1984]

Italy −5.15 **
[1982]

−4.96
[1982]

−5.41 *
[1982]

−6.10 **
[1987]

Portugal −4.67
[1976]

−4.00
[1976]

−5.61 **
[1986]

−4.25
[1981]

Spain −4.14
[1976]

−4.06
[1976]

−3.81
[1981]

−4.39
[1987]

Z(t)

Country Intercept Trend Regime Regime and Trend

Greece −3.36
[1984]

−5.45 **
[1990]

−4.10
[1985]

−5.50
[1989]

Italy −4.60
[1981]

−4.66
[1981]

−5.10
[1991]

−5.69
[1986]

Portugal −4.28
[1977]

−3.53
[1987]

−4.77
[1983]

−4.29
[1985]

Spain −4.24
[1976]

−4.26
[1976]

−3.94
[1981]

−4.46
[1987]

Z(a)

Country Intercept Trend Regime Regime and Trend

Greece −15.20
[1984]

−28.44
[1990]

−23.81
[1985]

−37.38
[1989]

Italy −27.04
[1981]

−28.67
[1981]

−28.55
[1991]

−35.68
[1986]

Portugal −23.13
[1977]

−21.06
[1987]

−27.91
[1983]

−26.73
[1985]

Spain −24.71
[1976]

−23.84
[1976]

−23.44
[1981]

−27.07
[1987]

Notes: (1) ** and * denote 5 and 10% levels of significance; and (2) [. . .] indicates the optimal/selected breakpoint.

The findings from the Gregory and Hansen cointegration procedure suggest that the
null hypothesis of no cointegration cannot be rejected across all levels of significance and
for all countries, with only a few exceptions based on specific assumptions. Consequently, it
appears that electrical power consumption (EPC), domestic credit provided by the financial
sector (FD), and per capita GDP (RPCGDP) do not demonstrate a long-term relationship.
In simpler terms, these series do not move in tandem over the long run, but, rather, some
short-term fluctuations are anticipated.

Further, expecting some short-run interactions between variables, the WTC is consid-
ered to test the co-movement between EPC and FD for each targeted country, mediated by
RPCGDP via PWC. The results are plotted in Figures 4–11.
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The contour plot depicting the wavelet-based measure of co-movement is presented
across three dimensions. It employs a vertical axis for frequency and a horizontal axis for
time. Lighter areas, tending toward blue, indicate weaker co-movement, while hotter areas
signify stronger co-movement between the variables. This enables the identification of
frequency strips along the vertical axis and time periods along the horizontal axis, where
higher frequencies correspond to lower scales.

Time is illustrated along the horizontal axis, with frequency depicted along the vertical
axis (where lower frequencies denote higher scales). In the time-frequency space, wavelet
coherence identifies regions where the two time series exhibit covariance. Warmer colors,
such as yellow, indicate regions with significant co-movement between the series, whereas
colder colors, like blue, suggest lower dependence between the series. Cold regions
outside the significant areas denote times and frequencies with no discernible dependence
on the series.

Arrows in the wavelet coherence plots denote the lead/lag phase relationships be-
tween the examined series. A zero phase difference indicates the synchronous movement of
the two time series at a particular scale. Arrows pointing to the right (left) signify in-phase
(anti-phase) synchronization, indicating concurrent or opposite movements, respectively.

When the two series synchronize, it implies they move in the same direction, whereas
being in anti-phase suggests they move in opposite directions. Arrows pointing diagonally
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right-downward or left-upward signify a lead in the first variable, whereas arrows pointing
diagonally right-upward or left-downward indicate a lead in the second variable.

The wavelet findings for Greece are shown in Figures 4 and 5. In this case, we found
a similar situation encountered for Italy, since the co-movement between the variables
appears essentially at low frequencies. However, in the first part of the observed period,
a phase relation emerges (the arrows point to the right), and in 2011, FD leads electricity
consumption. Meanwhile, since 2012, an anti-phase relation has prevailed. However, at
high frequencies, electricity consumption is leading. These results integrate the findings
by [59] and are in line with those by [60].

Figure 4 shows only one significant co-movement in Greece between EPC and FD,
over 1996–2001, in the short run (i.e., low frequency ≈ up to 2 years band of scale). In this
case, EPC positively runs FD, as the arrows are oriented to the right and up. Moreover,
the effect of RPCGDP is neutral, as after its removal, the link remains stable (Figure 5).
This result covers the 1990 redressing period of the Greek economy, characterized by
inflation and budgetary deficit reduction. This culminated with the economic boom during
1998–2007, with stimulation of EPC that trigged additional domestic credits, but only in
the short run. This intriguing finding supports the recommendations provided in the
study by [60], suggesting that Greek authorities should consider reducing domestic credit
to the private sector and reevaluating energy consumption-related policies to achieve a
sustainable future. However, these findings stand in contrast to the research conducted
by [61], which highlights significant unidirectional causal relationships, both linear and
nonlinear, emanating from energy consumption to economic growth.

The case of Italy is presented in Figure 6. Two episodes are observed, also in the short
run (i.e., low frequency ≈ up to 2 years band of scale). The first one is not conclusive, as
the arrows are horizontally pointed, while the second episode coincides with the period
2005–2010. In this last case, the arrows are oriented to the left and down, suggesting
that EPC negatively drives FD. [12] proves a contrary effect. The author claims that
energy consumption helped Italy to achieve high economic and financial development.
Herein, the GDP’s effect is crucial, as the variables’ interaction disappears after its removal
(Figure 7). These findings align with [12], who contends that energy consumption in Italy,
spanning from 1960 to 2014, has been influenced by real GDP. Additionally, ref. [62] asserts
a unidirectional causality from GDP to energy consumption, providing further support for
the observed results. Despite EPC’s downfall during economic stagnation over 2000–2008,
mediated by compression of GDP, a slight revival of FD is observed, maybe because of
growth stimulation reasons.

Figure 8 reveals the co-movement between EPC and FD in Portugal, with three inter-
esting periods. The first period captures the years 1970–1974, also covering the Carnation
Revolution from 1974, with EPC negatively leading FD (arrows pointing to the left and
down), in the short run (i.e., low frequency ≈ up to 2 years band of scale). Herein, the
political instability seems to have generated uncertainty that reduced the EPC, with a
precarious growth status, with GDP being crucial for the EPC-FD pair (Figure 9). Despite
this difficult situation, it seems that FD slowly increased to compensate for the loss of
purchasing power. Also, in the short run (i.e., low frequency ≈ up to 2 years band of scale),
FD negatively drove EPC, but over 1982–1984 (arrows pointed to the left and up). Still, with
economic difficulty, the Portuguese’s FD compressed, and the saved purchasing power was
found in an increase in EPC. Finally, a “rotated co-movement” is observed over 1980–2005,
in the medium run (i.e., medium frequency ≈ 7–10 years band of scale), possibly as a result
of Portugal’s EU integration and economic revival. The direction of co-movement seems
to follow the FD’s U-shaped dynamic, with EPC initially driving FD with a positive sign
(arrows pointed to the right and up), and then with FD negatively running EPC (arrows
pointed to the left and up), as the frequency increases. Therefore, the final expansion of FD,
also supported by GDP growth (Figure 9), reduced the EPC, which may be because of a
complementary effect of credit debt pressure. This finding does not confirm the findings
of the study of [63]. Their paper stresses that a rise in real income, FD, population, and
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foreign trade positively influences electricity consumption in Portugal. These results are
also consistent with the research conducted by [45]. They suggest a positive connection
between FD and electricity consumption in Portugal.

Finally, the case of Spain is plotted in Figure 10, with two notable events, both in the
medium run (i.e., medium frequency ≈ 5–9 years band of scale). Initially, the FD positively
leads EPC over 2000–2006 (arrows pointed to the right and down, for 5–6-year band of scale),
with strong implications for GDP (Figure 11). The period is characterized by a significant
economic expansion that stimulated domestic credit, with a positive impact on EPC. This
finding is consistent with the work of [64], who demonstrate that FD indicators have a more
significant impact on increasing energy demand in SAARC countries, followed by GDP
per capita and FDI for the period 1975–2011. The findings do not resonate with [65], who
demonstrate that FD has a substantial positive impact on energy consumption in the long
term. Further, at a slightly higher frequency but also in the medium term (i.e., 7–9 years
band of scale), over 1992–2005, the economic boom started in 1997 (i.e., growth is a crucial
mediator, as Figure 11 shows), decompressed EPC and smoothly stimulated FD. Herein,
EPC leads FD with a positive sign (arrows pointed to the left and up).

Our key findings indicate that the FD/EPC relationship is dynamic and varies across
time and frequency, reflecting different phases of economic activity in the PIGS countries:

1. Short-term dynamics: The analysis reveals that in periods of economic stagnation or
political crises, EPC tends to lead FD. This can be attributed to the prioritization of
essential consumption during downturns that subsequently affects credit availability
and financial flows.

2. Medium-term dynamics: During periods of economic expansion, FD drives EPC. This
reflects increased financial activity, investments in infrastructure, and technological
advancements that enhance energy consumption.

3. Role of economic growth as a mediator: Our findings highlight the crucial role of
economic growth in shaping the FD/EPC nexus. Growth acts as a catalyst, reinforcing
the observed co-movements and driving the direction of influence.

To conclude, several common features might be detected from single-country wavelet
results. In general, for all countries, significant co-movements are only evident at low and
medium frequencies, but they are strict for particular economic contexts. Not least, it is
noteworthy that the growth plays a crucial role in the medium term, supporting the EPC-FD
link. This strongly reinforces the absence of cointegration, as evidenced by previously used
classical time-domain methodologies.

5. Conclusions and Policy Implications

This study analyzes the co-movement between EPC, FD, and economic growth in Portugal,
Italy, Greece, and Spain from 1970 to 2014. The study used a mixed methodology of time-domain
(i.e., unit-root and cointegration) and time-frequency-domain (i.e., wavelet) types.

Wavelet-based techniques provide a distinct advantage over conventional time-series
techniques by enabling the inclusion of additional time scales. This facilitates the identifica-
tion of relationship patterns across different scales in both the frequency and time domains,
a task that conventional time-series models struggle to accomplish [52,66].

The empirical results reveal a pattern within the targeted countries where, in the short
run, EPC takes precedence over FD. This trend is particularly noticeable during periods
characterized by economic stagnation and political crises. It is suggested that this could be
attributed to households giving higher priority to essential needs, cutting down expenses
on non-essential items, and scaling back investments in capital goods.

Otherwise, in the medium term, FD seems to be driving EPC, but during economic
expansion periods. This could stem from shifts in consumer spending patterns, business
expansion, technological advancements, and demographic factors encompassing both
growth and aging.

Noteworthy is the fact that the EPC-FD link is conditioned by economic growth,
underlining the importance of an “economic engine” in socio-economic life. This is ex-
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plained through several growth dimensions, such as individual incomes, investments, and
government spending.

As for policy implications, the future energy supply is becoming a serious issue.
Despite the prioritization of various countries in developing different types of new energy
sources, fossil fuels such as coal and oil continue to dominate the current global energy
landscape due to constraints on the widespread adoption of alternative sources. It is
essential to acknowledge that traditional fossil fuels are non-renewable and are anticipated
to be depleted in the next few decades, presenting significant challenges for most nations
in ensuring a sustainable energy supply. Compounding this issue is the continual growth
of the global population, as underscored by [49–51,53,54,67]. The conflict in Ukraine and
the gas crisis have highlighted the theme of the search for energy independence also in the
Euro–Mediterranean area. A real partnership based on shared criteria of development and
sustainability is needed between European and African countries on the Mediterranean
shore. The method is that of social dialogue to establish a common policy to fight climate
change, to guarantee the security of supplies in harmony with the objectives related to
sustainability, and for a truly common well-being.

While this study does not directly analyze CO2 emissions, we acknowledge the signif-
icant body of research suggesting a decoupling trend between GDP and CO2 emissions
in Europe due to policy-driven advancements in energy efficiency, renewable energy
adoption, and stricter environmental regulations. However, this decoupling might in-
fluence the relationship between financial development and electricity consumption, as
cleaner energy sources and decarbonization strategies could alter electricity demand and
financial dynamics.

The growing trend of electrification in Europe—spurred by initiatives such as the Euro-
pean Green Deal and transitions to electric heating, transportation, and appliances—warrants
serious consideration. Although our dataset does not capture these recent changes, this
trend may reshape the energy-finance-growth nexus in the future, especially as electrification
drives greater demand for investments in smart grids, renewable energy infrastructure, and
technological innovations.

The main limitation of the paper is related to the time span used in the empirical
analysis. In fact, to leave out both the effects of the COVID-19 pandemic crisis and the
conflict in Ukraine—which highly perturbed the analyzed series—the analysis would stop
in 2019. Moreover, another limitation is the use of aggregate data for both FD and EPC,
encompassing all sectors rather than isolating the domestic sector. This approach was
chosen due to data availability and the study’s focus on macroeconomic dynamics at the
national level. However, it assumes uniformity across sectors, potentially overlooking
distinct interactions between FD and EPC in industrial, residential, and commercial do-
mains. Sector-specific influences, such as industrial energy demands or residential financial
behaviors, may significantly alter the observed relationships.

Future research should incorporate sectoral data to refine insights and provide tar-
geted policy recommendations. Further research might include new variables able to affect
energy and electricity consumption, such as trade balance, climate change, and invest-
ments. Moreover, incorporating more recent trends, including CO2-GDP decoupling and
electrification, would provide valuable insights.
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