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A B S T R A C T

In this research, we aim at exploring the influence of renewables on industrial production (Ip) in the US by
following continuous wavelet coherence and partial continuous wavelet coherence analyses. To this end, we
observed the co-movements between, biofuels and Ip, solar and Ip, wind and Ip, geothermal and Ip, wood and Ip,
and, waste and Ip in the US for the monthly period from January 1989 to November 2016.

The primary motivations behind this research are twofold. Firstly, it attempts to reach the co-movements, if
exists, between renewables’ consumption and industrial production by following time domain and frequency
domain analyses. Secondly, it aims at observing the potential co-movements between renewable energy sources
(geothermal, solar, wind, biofuels, wood, and, waste) and Ip by adding some control variables (fossil fuels, total
biomass etc.) into the wavelet models to understand clearly the responses of the industrial production to the
impulses in renewables in both short term and long term periods.

The paper hence eventually reveals significant effects of geothermal, wind, solar, biofuels, wood, and, waste
on US industrial production in short term cycles and long term cycles. Thereby, following this paper's results of
continuous wavelet analyses which depict the impact of renewables on US economy at 1–3-year frequency and
3–8-year frequency for the time period from January 1989 to November 2016, one might provide policy makers
with relevant current and future efficient renewables’ energy policy for the US and other countries which have
similar structures with the US.

1. Introduction

United States of America is one of the most energy-producing and
consuming countries in the world.

Currently, the shares of United States in global energy supply, en-
ergy demand, oil import, and natural gas import are 15%, 20%, 23%,
and 10%, respectively [1]. This energy structure of the United States
contributes most likely to several prominent issues, such as global
warming, local and global air pollution, and energy insecurity. In-
creasing concerns of public raise the importance of energy policies.
Actually, United States, United Kingdom, Germany and several other
developed countries have increased their research programs for energy
and have developed their renewable energy sources and technologies
since the 1970s. They aimed to use energy obtained from sun, wind,

ocean systems, geothermal, biomass and wastes in residential and
commercial buildings, electricity production, heat and steam produc-
tion, and in the production of solid, liquid, and gas fuels. Commercia-
lization of national and renewable sources have many advantages,
namely (1) decreasing the usage of fossil fuels, (2) stimulating regional
development and employment, (3) removing the effects of climate
change stemming from the usage of fossil sources, (4) providing na-
tional energy security, and (5) improving trade balances of countries
that import fossil sources. Substitution of fossil sources with renewable
sources were low in many countries including the US from 1970s to
early 2000s [2], however, energy sector of United States has experi-
enced a great transformation, and many policies have been im-
plemented in states and at federal level to support and encourage the
use of renewable energy over the past decade [3]. One must note that
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state governments dominate and lead the development of renewable
energy policies in the United States in spite of the national importance
of renewable energy [4,5]. For instance, one of the most prevalent and
innovator policy instruments is renewable portfolio standard (RPS).
RPS is a program that legally forces states to produce a certain rate of
electricity production from renewable energy sources. While only three
states adopted the RPS program in 1998, nine states implemented this
program by 2001, and 29 states have accepted it at the present time.
The scope of this program has gone on increasing nowadays [5,6].

Then, one question becomes considerable for the US economy: do
these incentives and supports affect renewable energy production? It is
with no doubt that the answer of this question is positive. Figs. 1–4 and
6–10 depict increases in renewable energy production/consumption in
the last years by observing both aggregated and disaggregated data
from January 1989 to November 2016. The wood consumption, on the
other hand, shows a slight decrease during the same period (Fig. 11),
although it has greater value than the consumption values of geo-
thermal, solar, wind, waste, and biofuels (Fig. 12). Many papers in the
energy economics literature reveal the positive effect of incentives and
supports for renewable energy. For instance, Menz and Vachon [7]
examine the effects of some government policies on the development of
wind energy in 39 states over the period 1998–2013 through ordinary
least squares (OLS) method. They yield that there is a positive re-
lationship between renewable energy incentives and wind energy.
Delmas et al. [8] who investigate the effects of Mandatory Information
Disclosure on the shares of clean and fossil energy for 145 large elec-
tricity companies by employing panel fixed effects model and instru-
mental variable model, find that this program decreases the share of
fossil energy while it increases the share of renewable energy. Yin and
Powers [9] consider the relationship between the RPS program and
renewable electricity generation in 50 states using data spanning the
period from 1993 to 2006 through panel fixed effects model. They

Fig. 1. The US hydro power energy consumption for the period
1989:1–2016:11 in Btu (blue bar charts) and its polynomial representation
(solid black line) and industrial production index (red line).
Data Sources: EIA [90], Federal Reserve Economic Data [91].

Fig. 2. The US total renewables energy consumption for the period
1989:1–2016:11 in Btu (blue bar charts) and its polynomial representation
(solid black line) and industrial production index (red line).
Data Sources: EIA [90] Federal Reserve Economic Data [91].

Fig. 3. The US total biomass energy consumption for the period
1989:1–2016:11 in Btu (blue bar charts) and its polynomial representation
(solid black line) and industrial production index (red line).
Sources: EIA [90], Federal Reserve Economic Data [91].

Fig. 4. The US total fossil energy consumption for the period 1989:1–2016:11
in Btu (blue bar charts) and its polynomial representation (solid black line) and
industrial production index (red line).
Data Sources: EIA [90], Federal Reserve Economic Data [91].

Fig. 5. The US industrial production index (as a proxy for GDP) for the period
1989:1–2016:11 and its polynomial representation (solid black line).
Data Source: Federal Reserve Economic Data [91].

Fig. 6. The US wind energy consumption for the period 1989:1–2016:11 in Btu
and its polynomial representation (solid black line);.
Data Source: EIA [90].

F. Bilgili, et al. Renewable and Sustainable Energy Reviews 107 (2019) 1–19

2



explore that renewable electricity generation is positively related to the
RPS program. Shrimali et al. [10] research the effects of national and
state-level policies promoting the distribution of wind energy in 50
states by performing panel OLS technique. They use data over the
period 1990–2011 and find that national and state-level production tax
credit encourages the distribution of wind energy. They explore the
diversity in renewable energy sources have positive effects on con-
fidence towards wind policies as well. Stokes and Breetz [3] examine
the effects of Production Tax Credit (PTC), RPS, Net Energy Metering
(NEM), federal investment tax credit (ITC), and California's zero emis-
sion vehicle (ZEV) mandate implementations on wind, solar, and bio-
mass energy through case studies. They find out that (i) the potential of
these policies and renewable energy technologies is underestimated and
misunderstood at the beginning, (ii) policies towards the implementa-
tion of these technologies are gradually revised and extended, and (iii)
these policies become crucial.

When all these cases and empirical research are evaluated, it is seen
that renewable energy incentives and subsidies applied at both the state
and national level in the USA cause significant increases in renewable
energy production/consumption. Moreover, there has been a significant
transformation in the energy structure in recent years in the United
States. What are the economic consequences of this change in energy
structure in the United States or of the developments in renewable
energy? The question is also an important research topic. The aim of
this study is to explore the movements of industrial production of the
USA together with disaggregated renewables consumption of the USA
through time series and frequency analyses. Hence, we might be able to
(1) depict if solar, wind, geothermal, biofuels, wood, and waste con-
sumptions, separately, lead to an expansion (a contraction) in GDP of
the USA and/or (2) exhibit if GDP of the USA lead to an increase (a
decrease) in the consumptions of renewables. The analysis covers
monthly data of the period between January 1989 and November 2016
in the USA. If energy economists are willing to give reliable and ap-
proved results for effective policy implications in the context of energy-

Fig. 7. The US biofuels energy consumption for the period 1989:1–2016:11 in
Btu and its polynomial representation (solid black line).
Data Source: EIA [90].

Fig. 8. The US solar energy consumption for the period 1989:1–2016:11 in Btu
and its polynomial representation (solid black line).
Data Source: EIA [90].

Fig. 9. The US geothermal energy consumption for the period 1989:1–2016:11
in Btu and its ARMA representation (solid black line).
Data Source: EIA [90].

Fig. 10. The US waste energy consumption for the period 1989:1–2016:11 in
Btu and its ARMA representation (solid black line).
Data Source: EIA [90].

Fig. 11. The US wood energy consumption for the period 1989:1–2016:11 in
Btu and its ARMA representation (solid black line).
Data Source: EIA [90].

Fig. 12. The mean values of disaggregated renewables data (Trillion Btu) and
Ip data (2012=100): 1989:01–2016:11.
Data Sources: EIA [90], Federal Reserve Economic Data [91].
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growth relation, they are encouraged including new economic variables
into analysis and applying new estimation techniques, rather than
employing classic methods for different countries and changing time
periods [11,12]. Therefore continuous wavelet transformation, wavelet
coherency, partial wavelet coherency, and, phase difference analyses
are applied to disaggregated renewable energy and industrial produc-
tion data to examine the relationship between variables.

The merits of this study are three-fold. First, it is the first study in
the literature that searches for a causal relation between disaggregated
renewable energy resources and economic growth in the USA by using
wavelet methodology. Wavelet decomposition provides researchers
with analyses for both short- and long-run co-movements. Furthermore,
it employs partial wavelet analysis, by which the consequences of other
economic variables into observed variables can be factored out; hence,
the results will arise more obvious and clear and the policy implications
will be more reliable and consistent. This paper, therefore, aims to fill
an important gap in the literature. Second, most of the works in re-
newable energy-growth literature – 76% – (see Table 2) considers ag-
gregated renewable energy consumption. This study examines the re-
lationship between aggregated and disaggregated renewable energy
consumption and industrial production. Disaggregated renewable en-
ergy data may lead to more effective and comprehensive results within
the context of renewable energy-growth relationship. Third, this study
indirectly reveals the economic impact of renewable energy incentive
policies implemented at both national and state levels in the United
States.

The rest of the paper is as follows: Section 2 reviews the literature.
Section 3 describes the data set and methodology. Section 4 reveals the
wavelet-time and frequency domain-estimation output. Section 5 as-
sesses and discusses the empirical, statistical facts underpinning the
wavelet estimations. Section 6 provides conclusions.

2. Literature review

The relationship between energy consumption and economic
growth has become a field of interest for researchers since the seminal
paper of Kraft and Kraft [13], because energy cannot be substituted
with other factors of production. Today, economic development of a
country is directly related to energy. According to IEA [14] data, the
share of non-renewable energy sources, such as oil, coal, and natural
gas, in world energy demand is about 82%. Based on this great share of
fossil sources, many global problems, namely energy dependency, en-
ergy security, and environmental problems, arise. For this reason, re-
searches that focus on energy-growth-environment nexus are con-
siderable for designing energy policies. In the energy economics
literature, the relationships between energy consumption and economic
growth are examined within the scope of four hypotheses. These hy-
potheses are as follows:

(1) Neutrality hypothesis is valid when there is not a causal relation-
ship between energy consumption and economic growth. In such a
case, a decrease in energy consumption has no effects on economic
growth.

(2) Growth hypothesis prevails if there is a causal relationship running
from energy consumption to economic growth. This hypothesis
indicates that energy has great effects on economic growth as a
subsidiary factor of production. When this hypothesis is valid, en-
ergy saving policies and/or energy shocks negatively affect eco-
nomic growth.

(3) When there is a causal relationship running from economic growth
to energy consumption, then the conservation hypothesis dom-
inates. This hypothesis posits that economic growth supports en-
ergy consumption and that energy saving implementations and/or
energy shocks do not affect economic growth.

(4) Feedback hypothesis prevails when there is bidirectional causality
between energy consumption and economic growth. ThisTa
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hypothesis postulates that energy saving policies and/or energy
shocks negatively affect economic growth. Besides, a contraction in
GDP has negative effects on energy consumption.

This paper classifies the findings of the empirical literature under
two groups: (a) the relationship between energy consumption and
economic growth and (b) the relationship between renewable energy
consumption and economic growth.

2.1. The relationship between energy consumption and economic growth

This study in this section considers the available papers in the lit-
erature examining the effects of total energy, fossil energy, electricity,
nuclear energy, oil, natural gas, coal, and shale gas consumption on
economic growth.

We selected papers available in the literature as described in (a),
(b), (c), (i) and (ii) as follows; (a) papers examining the nexus between
energy consumption and economic growth through country specific
data, (b) papers investigating the relationship between energy con-
sumption and economic growth through multi -country data, (c) papers
considering developing and developed countries through individual
country and/or multi -country data. Hence, we also classified the arti-
cles in terms of (i) articles examining the nexus between energy con-
sumption and economic growth through time series methodology
(launching country specific data), and, (ii) articles investigating the
relationship between energy consumption and economic growth
through group or panel data methodology (following panel data or
multi-country data).

We basically classified the literature in Table 1 in chronological
order, which examines the causal relationship between energy con-
sumption and economic growth. In particular, we observed the con-
sumption of non-renewable energy types such as fossil energy sources,
nuclear energy and non-conventional gas (shale gas). The regarding
empirical literature basically dates back to the article of Kraft and Kraft
[13] published in 1978.

Kraft and Kraft [13] investigated the relationship between total
energy consumption and economic growth for the US for the period
1947–1974 through Granger causality analyses. Their findings support
the conservation hypothesis for the US. Following the seminal article of
Kraft and Kraft [13] in the related field, there has been a significant
increase in the number of outstanding studies which deal with the
nexus between energy consumption and economic growth, and, which
consider the nexus between energy consumption and sustainability.

An important part of the relevant literature carried out the analyses
mostly by employing country-specific data
[13,16,22,24–38,41,43–45,49,52,55]. Findings on country-specific re-
searches were expected to contribute to the design of national energy
and growth policies. Other part of the literature has followed multi-
country analyses to explore the possible causality between energy and
growth [17–21,23,39,40,42,46–48,50,53,54]. The multi-country stu-
dies aimed at providing current and future regional energy policies

The findings of the country-specific studies differ from each other in
terms of observed time periods and the development levels of in-
dividual country/countries. For example, the works employing the data
for the US support the hypotheses of neutrality and conservation
[13,26,27,29,31,32,55]. Some other works support the growth and
feedback hypotheses in developing countries such as China, Lebanon,
Nigeria, Turkey, Tanzania, Pakistan, Vietnam and Bahrain
[22,37,41,43,44,49,51,52]. The results in general indicate that there
exists a significant connection between the level of development and
energy consumption.

Launching multi-country data, Mehrara [39], Akinlo [40], Ozturk
et al. [46], Yildirim [50] and Khobai et al. [55] verify the neutrality and
conservation hypotheses in developing countries, while Ozturk and Al-
mulali [23], Lee and Chang [42] and Eggoh et al. [48] confirm feedback
and growth hypotheses. Following the multi-country analyses forTa
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developed countries, Apergis and Payne [17], Kum et al. [20] and Belke
et al. [47] reach the outcome verifying the feedback and growth hy-
potheses, whereas, for instance, Chu and Chang [19] obtain mix results
from G-6 countries.

Other prominent assessments for energy consumption-growth nexus
can be summarized as follows: (i) the works employed either time series
techniques for a specific country or panel data methods for country
groups or regions. They performed mostly cointegration and causality
tests to examine the energy-growth nexus. (ii) While a significant por-
tion of the studies focused on the relationship between total energy /
aggregated energy and economic growth (see Table 1), few studies
examined the relationship between dis-aggregated energy and eco-
nomic growth [16–23,25]. Disaggregated energy-growth nexus has
especially drawn great attention in the last years. (iii) The empirical
works did not exhibit clear-cut evidence.

One might observe from Table 1 that each hypothesis has been
confirmed by the relevant works given in the table. The different out-
comes of the works might stem from different countries/country
groups, different periods, differences in different energy types, and
empirical techniques [12,15].

2.2. The relationship between renewable energy consumption and economic
growth

While there is an immense empirical literature on the relationship
between total energy consumption and economic growth, the number
of papers focusing on renewable energy-growth nexus is restricted [56].
Increasing concerns about global warming have raised the importance
of renewable energy sources recently. Thereby, due to more accessi-
bility of data for renewable energy sources and new developments in
econometric techniques increased the number of works in this field.

Table 2 summarizes the papers which investigate the relationship
between renewable energy consumption and economic growth.

In reviewing and classifying the literature on renewable energy
consumption-economic growth, we observed the articles in terms of (a)
hypothesis (growth, feedback, neutrality, and conservation), (b) energy
type (disaggregated and/or aggregated renewable energy consump-
tion), (c) empirical methods, and (d) chronological order. The relevant
works eventually, in general, highlighted sustainable energy and en-
vironmental policies for policy authorities. In addition, these studies
provided policy makers with considerable outputs revealing the feasi-
bility of possible replacement between renewable resources and fossil
resources in the economic development process.

Table 2 exhibits that numerous studies examined the relationship
between aggregated renewable energy consumption and economic
growth while few works investigated the relationship between dis-
aggregated renewable energy (hydro, geothermal, solar, wind, wood,
wastes and biofuels) consumption and economic growth
[68,74,78,80–82,85,87]. The latter works employ mostly the bioe-
nergy, geothermal, solar, wind, and bio-waste. The empirical models
employing disaggregated renewables rather than total renewables to
depict the causal effects of different types of renewable energy on
economic growth can produce more specific energy policies.

Table 2 explores as well that the majority of observed literature
follows panel data for multi-country analyses as given, e.g., in Sadorsky
[59], Tugcu et al. [60], Apergis and Payne [62], Apergis and Payne
[63], Menegaki [64], Salim and Rafiq [71], Bildirici [74], Armeanu
et al. [87], and, Saad and Taleb [89]. Some other papers consider time
series data for country-specific analyses as depicted in Bilgili [57],
Payne [58], Tiwari [67], Yildirim [68], Shahbaz et al. [70], Ocal and
Aslan [72], Pao and Fu [73], Lin and Moubarak [75] and Rafindai and
Ozturk [88]

Results of researches focusing on developed countries can be di-
vided into two groups. The first group supports the hypothesis of
neutrality and conservatism [58,61,64,68,87] whereas the second
group reaches the findings verifying growth and feedback hypotheses

[57,62,66,77,78,81,85,88,89]. The results achieved in developing
countries mostly indicate that renewable energy has a significant im-
pact on economic growth [63,65,67,70,71,73–76,79,80,82–84,86].
According to regarding outcomes, renewable energy can be considered
an important ‘growth dynamic’ in developing countries. On the other
hand, it can be also stated that there are other important growth dy-
namics along with renewable energy in developing and developed
countries such as population, urbanization, ruralisation, access to
electricity, and dynamics of energy markets.

Finally, when the literature is classified in terms of methodology, it
is seen that the works employ either time series methods (for a country)
or panel data techniques (for country groups or regions). All paper,
except Bilgili [57], utilize cointegration and causality tests to examine
the relevant relationship. The current literature has followed mainly the
cointegration and Granger causality methods to examine the responses
of economic growth to the impulses in energy consumption. The
Granger test reveals whether a time series (Yt) can be forecast by lagged
values of another times series (Xt). If past values of Xt can predict the
current value of Yt, then, Xt Granger causes Yt (or, Yt is said to be
Granger-caused by Xt). The cointegration analysis is implemented to
observe if Xt and Yt have a long-run relationship. In time series meth-
odology, the parameter estimations of Cointegration and Granger
causality analyses are fixed for the entire time period of the sample data
except some cointegration analyses in which estimations might change
from one regime to another regime. In panel data estimations, the in-
tercept term, or, group means of estimated model might change across
individual countries. However, two or more structural breaks or shocks
might occur due to technological shock(s), and/or political-financial-
economic shocks, and/or demographical changes within a certain time
period in a country or in a group of countries. The changes, for instance,
in economic leading indicators, which are called business cycles, might
affect the relationships between economic variables differently in dif-
ferent sub-time periods of the estimated entire time period. This might
be a considerable constraint for Granger causality and cointegration
analyses. Wavelet analysis, on the other hand, estimates the relation-
ships between variables taking into account possible different fre-
quencies and different sub-time periods. Following high frequency (i.e.
1-year, or 2-year frequency), or, low frequency (i.e., 2-year or 4-year
frequency), wavelet analysis can capture all possible co-movements
between variables at different time points/intervals. Therefore, we
follow a different analysis method from the literature. The effort to fill
this gap in the literature is our main motivation. We also aim at pro-
viding more robust outputs on the energy-growth relationship for
policy authorities and potential readers.

3. Data and methodology

3.1. The data

Within the literature of nexus between energy (and/or renewable
energy) and economic growth, as explained in Section 2, the seminal
articles mainly observe annual or quarterly data for energy (and/or
renewable energy) and Gross Domestic Product (GDP) or percentage
growth in GDP.

This research considers the nexus between components of renew-
ables and economic growth through wavelet analyses that will be ex-
plained latter. The wavelet analyses yield better results with the em-
ployment of possible highest frequency data available in the data
sources. To this end, we followed monthly data for renewables’ con-
sumption and industrial production index (Ip) instead of quarterly or
annual data for relevant variables. The Ip is a monthly economic in-
dicator measuring real output in the manufacturing, mining, electric
and gas industries, relative to a base year. The Ip is a common proxy for
monthly real output of a national economy and can be used as a proxy
for GDP.

Thereby, this research employs monthly disaggregated renewables
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data and industrial production index of the US for the period
1989:01–2016:11. Before conducting wavelet analyses, in this section,
we aim at presenting preliminary findings through descriptive statistics
for (i) the data of main energy sources [90] and Ip [91] (Table 3), (ii)
disaggregated renewables data and Ip (Table 4). Beside descriptive
statistics, we aim at, as well, observing (iii) the trend curves of ag-
gregated main energy sources and Ip (Figs. 1–5), and, (iv) the trend
curves of disaggregated renewable energy sources (Figs. 6–11). The
tables and figures, hence, are expected to provide one with some pre-
liminary statistical/visual inspection. The advanced mathematical/sta-
tistical analyses through wavelet analyses, the estimations on potential
co-movements between renewables and economic growth will be
launched later.

3.1.1. Main energy consumption and industrial production data
The total renewables include hydro, geothermal, wind, solar, wood,

waste and biofuels. Hydro power and total biomass (geothermal, wind,
solar, wood, waste and biofuels) are considerable renewable energy
sources to produce electricity. Table 3 reveals the descriptive statistics
of total renewables consumption (Trenewable), total fossil energy
consumption (Tfossil), the main components of Trenewable which are
hydro energy power consumption (Hydro) and total biomass energy
consumption (Tbiomass) and industrial production (Ip), respectively.
All energy source variables are measured in (trillion) British thermal
unit (Btu) while Ip is an index in which 2012=100. The first im-
plication of Table 3 is that the mean and median values of Tfossil are
greater than those of Trenewable and Ip. The mean and median values
of Tbiomass are greater than those of Hydro. With 335 observations, the
dispersion of Tfossil's observations from the mean of Tfossil seems to be
higher (560) in comparison with the dispersion of Trenewable
(117,920). The standard deviations of Tbiomass and Hydro are 62,026
and 46,099, respectively.

Below figures (from 1 to 11) reveal the slope of the energy sources
and Ip. The purpose of plotting curve or line (slope) is to illustrate the
function which has the best fit to a series of data points. There exist
several functions to draw a curve or line trend such as linear function,
exponential function, polynomial function, AR (Autoregressive), MA
(Moving average), or ARMA (Autoregressive, Moving average). We
tested (i.e. in terms of R-squared criteria) each function for each vari-
able and plotted the trend from the function that gives the best fit. From
Fig. 1 to Fig. 8, we followed polynomial trend to depict the slope of

univariate estimation of the relevant variable (Hydro, Tbiomass,
Trenewable, Tfossil, Wind, Biofuels, Solar and Ip). From Fig. 9 to
Fig. 11, we considered ARMA trend to observe more clearly the trend of
the geothermal, waste and wood.

Exponential or ARMA or ARIMA models are implemented to fore-
cast a time series (Yt) provided that time series (Yt) is stationary. ARMA
stands for ‘Autoregressive-Moving average’ and ARIMA stands for
‘Autoregressive, Integrated of order (d), and Moving average’. They are
identical if relevant time series (Yt) is stationary. If Yt is not stationary
(if it has unit root), the researcher takes its first difference, or 2nd
difference, or dth difference until Yt becomes stationary.

The Figs. 1, 2, 3, and 4 indicate polynomial representations of the
US hydropower energy consumption, the US total renewables energy
consumption, the US total biomass energy consumption, and the US
total fossil energy consumption respectively, for the period
1989:1–2016:11 in Btu.

The Fig. 1 depicts the US hydro power energy consumption (blue
bar charts) and its polynomial trend representation (solid black line). It
reveals that hydro energy consumption tends to decline slightly from
1989:01 to 2016:11. The values of hydro power energy during the first
and second halves of the sample period were 248,92 trillion Btu and
219,02 trillion Btu, respectively. During the same period, one may
observe from Fig. 1 that Ip tends to increase. The index values of Ip
during the first and second halves of the sample period were 78.57 and
99.87, respectively.

Fig. 2 presents the US Trenewables energy consumption (blue bar
charts) and the polynomial trend representation of Trenewable (solid
black line). The trend fluctuates with two peak points occurring in the
beginning of 1990s, and, at the end year of sample period, and, one
trough point of the beginning period of 2000s. Overall, both total re-
newables consumption and industrial production tend to increase for
the period 1989:01–2016:11. Fig. 3 yields the US Tbiomass energy
consumption (blue bar charts) and the polynomial trend representation
of Tbiomass (solid black line). Fig. 2 and Fig. 3 have identical co-
movements in terms of the trends of total renewables and total biomass
consumption for the period 1997–2016. After 1997, they both decline
till 2002, and, later, they both increase till the end of sample.

Fig. 4 explores The US total fossil energy consumption for the period
1989:1–2016:11 in Btu (blue bar charts) and its polynomial re-
presentation (solid black line) and industrial production index (red
line).

The trend of fossil energy consumption, first, until 2000, is posi-
tively sloped, later, the slope of consumption diminishes considerable,
almost becomes horizontal to time axes till 2008. The polynomial trend
implies, hence, the fossil energy consumption of USA did not change
mostly during the 2000s. After 2008, the fossil consumption seems to
have negative slope, indicating relatively decline in demand for fossil
energy sources in the USA, while, as depicted before, industrial pro-
duction of USA, throughout some peaks and troughs, seems to have
upward trend.

One might claim through, Figs. 1–4 that especially after 2000s,
during the years of 2010s, as the demand for hydro energy power and
fossil energy power tend to reduce, the renewables and biomass, as a
considerable part of renewables, tend to grow. The renewables and

Table 3
Descriptive statistics of main energy consumption (Trillion Btu) and Industrial
production index (2012= 100) data: 1989:01–2016:11.
Data Sources: EIA [90], Federal Reserve Economic Data [91].

Hydro Tbiomass Trenewable Tfossil Ip

Mean 234,030 287,067 585,892 6656 89.083
Median 230,354 265,619 548,684 6640 94.173
Maximum 357,387 420,089 914,061 8104 108.038
Minimum 145,715 178,544 395,828 5518 62.101
Std. Dev. 46,099 62,026 117,920 560 14.174
Observations 335 335 335 335 335

Table 4
Descriptive statistics of disaggregated renewables consumption (Trillion Btu) and Industrial production index (2012= 100) data: 1989:01–2016:11.
Data Source: EIA [90].

Geothermal Solar Wind Wood Waste Biofuels Ip

Mean 15,354 9666 39,772 180,623 38,775 67,668 89.083
Median 15,174 6095 9062 174,970 38,599 30,723 94.173
Maximum 19,625 63,461 202,790 252,903 54,461 204,280 108.038
Minimum 8603 2881 0000 128,700 21,067 7258 62.101
Std. Dev. 2017 10,797 54,299 21,054 5704 65,222 14.174
Observations 335 335 335 335 335 335 335
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biomass consumption seem to have more common cycles (co-move-
ments) with industrial production than hydro energy power and fossil
energy power do.

3.1.2. Disaggregated renewables energy consumption and industrial
production data

This part displays some preliminary observations about dis-
aggregated data of total renewables. In terms of January 1989, for in-
stance, total biomass energy consumption is 266,572 Trillion Btu. This
value corresponds to the horizontal summation of Wood (231,17 tril-
lion Btu), Waste (24,753 trillion Btu) and Biofuels (10,649 trillion Btu)
energy consumption values in the USA. Again in terms of January 1989,
the total renewables energy consumption level of 509,146 trillion Btu is
equal to sum of Hydro (224,04 trillion Btu), Geothermal (14,134 trillion
Btu), Solar (0,002881 trillion Btu), Wind (1,521 trillion Btu) and total
biomass (266,572 trillion Btu).

Table 4 gives the descriptive statistics of geothermal energy con-
sumption (Geo), solar energy consumption (Solar), wind energy con-
sumption (Wind), wood energy consumption (Wood), waste energy
consumption (Waste), biofuels energy consumption (Biofuels) and in-
dustrial production (Ip), respectively. All energy source variables are
depicted in Trillion Btu whereas Ip is an index in which 2012=100.
Table 4 exhibits that the greatest differences between mean and median
occur in Wind and Biofuels data. The mean value of Wood is the
greatest among other variables’ mean values. Biofuels, Wind and Waste
have the second, third and fourth greatest mean values, respectively.
The standard deviations of Biofuels (65,222) and Wind (54,2999) ap-
pear to be higher than those of Wood, Solar, Waste and Geo.

Figs. 5–8 show polynomial representations of the US industrial
production index, the US wind energy consumption, the US biofuels
energy consumption and the US solar energy consumption, respec-
tively, for the period 1989:1–2016:11 in Btu.

Figs. 9–11 depict the ARMA representations of the US geothermal
energy consumption, the US waste energy consumption, the US wood
energy consumption for the period 1989:1–2016:11 in Btu. All poly-
nomial representations indicate that the relevant models (equations)
fitted the data well with high R squared values ranging from 0.904 to
0.953. The ARMA models yield also acceptable R squared values ran-
ging from 0.649 to 0.809. We observed geothermal, waste and wood
data through the models of polynomial, exponential, linear, logistic,
and, logarithmic as well as ARMA. The ARMA has revealed the best R
squares among all models. The ARMA trend analyses of geothermal,
waste and wood energy consumptions revealed relatively lower R
squared values in comparison with polynomial trend analyses, because
of higher volatilities of geothermal, waste and wood of the series for the
period 1989:01–2016:11. The higher the volatility is, the less the ex-
plained sum of squares will be. The highest volatility appears in the
data of wood energy consumption.

The models of industrial production, the US wind energy con-
sumption, the US biofuels energy consumption and the US solar energy
consumption follow upward slopes whereas the models of the US geo-
thermal energy consumption, the US waste energy consumption, the US
wood energy consumption experience both upward and downward
slopes.

Taking into consideration the values of Fig. 12, a slight decrease in
consumption of wood energy consumption is observed during the
period of 1989:01–2016:11. Throughout this 28-year-period, significant
increases in consumptions of solar, wind and biofuels are observed,
while the rise in geothermal energy consumption remained at reason-
able levels. Meanwhile, waste energy consumption first drops after
period 1989–1999, and, later increases during time interval of
2000:01–2016:11. Industrial production Index increases at increasing
rate during the first half of the sample, continuous to increase at de-
creasing rate during the second half of the data period.

3.2. Methodology: wavelet analyses

Spectral analysis decomposes signals into frequency and time do-
mains by which their major business cycles and seasonal characteristics
might be exposed evidently. Fourier and wavelet transformations are
the main spectral decomposition techniques of financial and economic
time series. While Fourier transformation determines predominant
frequency intervals of a signal, it is incapable of presenting that these
frequencies when to appear in time horizon.1

However, wavelet transformation provides simultaneous informa-
tion over a signal both in time and frequency domain. This helps re-
searchers evaluate how cycles, seasonality and trends of a signal change
over time and transition between different frequencies occur among
periods [92,93]. In contrast to frequency transformation wavelet
transformation is more appropriate for non-stationary, strongly trended
and complex signals as most of the economic and financial time-series is
categorized, since it has the ability to capture the properties of time-
series localized in time [94,95]. Thus wavelet techniques have become
more common particularly in economics and financial economics lit-
erature including those of Gençay et al. [94], Crowley [96], Kim and In
[98], Aguiar- Conraria et al. [95], Vacha and Barunik [99], and Bilgili
et al. [1] and Reboredo et al. [100].

A wavelet is defined as a function of a specific mother wavelet as
follows;

= ⎛
⎝

− ⎞
⎠

∈ ∈ +η t
d

η t l
d

l andd( ) 1 , .d l( , )  
(1)

A wavelet daughter η t( )d l( , ) which is a square differentiable function
of time,2 ∈η L(.) ( )2  , and its mother wavelet η (.) consists of two para-
meters d and l. Location or translation parameter l, , determines the
wavelet's center or location in time. Scale parameter, d, and compresses
or enlarges wavelet to find cycles or trends in different frequencies.
Furthermore, when the scale s increases (decreases), it generates long
(short) wavelets, which specify long-run relations (short-run dynamics)
and low (high) frequency properties of time series. Thus this indicates
an inverse relation between scale and frequency.

When the time series of ∈z t L( ) ( )2  is given, the continuous wa-
velet transformation (CWT) of z t( ) with respect to wavelet η t( )d l( , ) can
be obtained as follows:

∫ ⎜= ⎛
⎝

⎛
⎝

− ⎞
⎠

∈ >
−∞

∞
W d l z t

d
η t l

d
dt l andd( , ) ) 1 ̅

, 0 ,z 
(2)

where the bar over the mother wavelet function and W d l( , )z represent
complex conjugation and CWT, respectively.3 Besides square differ-
entiability, time series z t( ) should be obtained again from its wavelet
transformation, which requires admissibility condition for its mother
wavelet. The admissibility condition is defined as follows,

∫= <∞
∞

G
f
f

dκ
Η( )

,η 0

2

(3)

whereGη is the admissibility constant and fΗ( ) is the FT of wavelet η t( ).
Wavelet is expected to have no zero frequency element,

∫= =−∞
∞ η t dtΗ(0) ( ) 0, which implies that wavelet should have zero

1 Fourier Transformation (FT) can decompose any periodic and some non-
periodic signals into a sine/cosine function. FT of an arbitrary signal z(t) can be
written as ∫ ∫= − = −−∞

∞
−∞

∞Z(f) z(t)exp ( i2πft)dt z(t)[cos(2πft) isin (2πft)]dt ,
where Z(f) is a function of frequency f and = −i 1 is the complex or imaginary
number. Alternatively this equation can be written with radian frequencies as

∫ ∫= = −−∞
∞ −

−∞
∞Z(w) z(t)e dt z(t)[cos(wt) isin (wt)]dtiwt , where =w 2πf denotes

radian frequency.
2 If a wavelet is square integrable ∈η t L( ) ( )2  , then it must satisfy

∫ <∞−∞
∞ η t dt( )2 .
3 The conjugate of a complex number, +b hi, is simply −b hi. If it has only

real value rather than complex, its conjugate will be itself.
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mean, namely negative and positive cycles disappear each other. When
wavelet is normalized to have unit energy, ∫ =−∞

∞ η t dt( ) 12 , this en-
ables to make a comparison between different time-series’ wavelet
transformations at each scale d [101].

Haar, Mexican hat, Daubechies, Cauchy, Coiflets and Morlet wa-
velets are the well-known examples for mother wavelet functions. Since
each wavelet mother function has different features, it becomes crucial
to set most appropriate mother wavelet which fits best with the oscil-
latory features of the time series data. Because of the fact that complex
transformation is supplemented with information over both amplitude
and phase characteristics of time series data, it allows researchers to
analyze the location of cycles of different time series. Therefore Aguiar-
Conraria et al. [95] recommend complex wavelet transformation
especially for empirical applications in economics time series.

This paper employs complex Morlet wavelet transformation in its
analysis part. Morlet wavelet function had been first introduced by
Grossman and Morlet [102] and the complex Morlet wavelet function
can be defined as:

⎜ ⎟⎜ ⎟ ⎜ ⎟= ⎛
⎝

− ⎛
⎝

− ⎞
⎠

⎞
⎠

⎛
⎝

− ⎞
⎠

η t
π

iγt
γ t( ) 1 exp ( ) exp
2

exp
2

,γ 1/4

2 2

(4)

where complex Morlet wavelet η t( )γ has a central frequency parameter
γ . In Eq. (4), if the location parameter is >γ 5, the value of −γexp ( /2)2

might be neglected, which simplifies Eq. (4) into Eq. (5) as;

⎜ ⎟= ⎛
⎝

− ⎞
⎠

η t
π

iγt t( ) 1 exp ( ) exp
2γ 1/4

2

(5)

If the central frequency parameter is set to six, =γ 6 ( as it is
preferred often in economic and financial applications), a conversion
between scale and frequency parameters can be realized hereby com-
plex Morlet wavelet might be defined and treated as a function of fre-
quency as well. Aguiar-Conraria et al. [95], Madaleno and Pinho [103],
Rua and Nunes [104], Crowley [97], and Percival and Walden [105]
discuss further practice of complex Morlet wavelets in economic ap-
plications.

Admissibility is a sufficient condition which guarantees to obtain
W d l( , )z CWT from time series z t( ), and convert its wavelet transfor-
mation into itself z t( ) thus z t( ) can be defined as a new function of CWT
as:
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Besides the preserved energy of z t( ) by applying unit energy
property of wavelet transformation, m 2 can be defined as:
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where W d l( , )z
2 denotes the wavelet power, which is the distribution

energy, of single time series z(t) in both frequency and time domain.
Wavelet analysis can be also employed for investigating the relationship
between two different time series with cross wavelet power (CWP),
wavelet coherency, partial wavelet coherency and phase differences.
CWP depicts the local covariance between two time series in each time-
frequency domain. Hudgins et al. [106] first presented CWP formula for
separate time series z(t) and n(t) as below:

=W (d, l) W (d, l)W (d, l)̅ ,zn z n (8)

While W d l( , )zn represents the CWP of time series z t( ) and t( ) ,
W d l( , )z and W d l( , )n are CWT of time series z t( ) and n t( ) , respectively.
Analogously how d and l do appear in CWT formula in Eq. (2), they are
scale and location parameters respectively in CWP formula in Eq. (8).
While high power shared wavelet areas of two time-series depicted by
CWP, wavelet coherency shows the significant regions of co-movement
between two time-series but does not necessarily high-powered regions

in frequency-time domain. Aguiar-Conraria et al. [95,107] expresses
wavelet coherency between z t( ) and n t( ) as;

=R (d, l) S(W (d, l))
S(W (d, l))S(W (d, l))

,zn
zn

z n (9)

where Rzn measures the magnitude of wavelet coherency between two
time-series, which is intuitively similar to traditional coefficient of
correlation parameter, varying from zero (no coherency) to 1 (high
coherency) in time-frequency domain. Smoothing is required for the
calculations of cross and individual wavelet power of time-series
otherwise wavelet coherency would be spuriously high for all scales
and periods [108].

The lead-lag relation and the direction of co-movement between
two time-series can be captured by phase difference analysis. Then θz k,
denotes the phase difference of complex cross wavelet transformation
of time-series z t( ) and n t( ) as:

⎜ ⎟= ⎛
⎝

⎞
⎠

∈ −−θ tan
W d l
W d l

θ π π
( ( , ))
( ( , ))

,with [ , ].z n
zn

zn
z n,

1
,

I

R (10)

where (W )znI and (W )znR denote imaginary and real parts of a given
complex cross wavelet transformation, respectively. An exact phase
difference of π or − π indicates an anti-phase relationship, which is a
negative correlation. If ∈ − −θ ( π, π/2 ),z n, then, the series are
negatively correlated, where z(t) lags and if ∈θ (π/2 , π)z n, then the
series are again negatively correlated but z(t) leads. An exact phase
difference of zero implies that both time-series move together at a
certain frequency. If ∈θ (0, π/2 ),z n, then, the series are posi-
tively correlated where n t( ) leads z(t). If ∈ −θ ( π/2 , 0),z n, then, the
series are again positively related, on the contrary, now z(t) leads n t( ).

4. Wavelet-time and frequency domain-estimation output

Following continuous wavelet approach, in this section, we explore
the movements of industrial production of the USA together with dis-
aggregated renewables consumption of the USA through time series and
frequency analyses. Hence, we might be able to (i) depict if solar, wind,
geothermal, biofuels, wood, and waste consumptions, separately, lead
to an expansion (a contraction) in GDP of the USA and/or (ii) exhibit if
GDP of the USA lead to an increase (a decrease) in the consumptions of
renewables.

Figs. 13–18 reveal the wavelet coherency between the pairs of
geothermal (Geo) and industrial production (Ip), solar and Ip, wind and
Ip, biofuels (Bio) and Ip, wood and Ip, and waste and Ip, respectively.
All figures observe the movements of relevant pairs of variables by
considering the relevant control variables.

In each figure, the black curve (contour) denotes the 5% sig-
nificance level of the estimation through an ARMA (1, 1) representa-
tion. AR (1) and MA (1) terms of the ARMA model depict the auto-
regressive with one lag and moving average with one lag, respectively.
The color code bars next to the figures indicate the range from weak
coherency (blue) to strong coherency (red) between the variables. The
color code, hence, exhibits the possible weakest coherence (dark blue)
and strongest coherence (dark red). The dark blue and dark red,
thereby, correspond to low energy of association and high energy of
association between the variables, respectively. Then, one may consider
the energy of association the power of correlation ranging from 0.05 to
0.95.

From Fig. 13 to Fig. 18, figure (.) a's, and, figure (.) b's represent the
wavelet coherency analyses without control variables, and, wavelet
coherency analyses with control variables, respectively. The figure (.)
b1's and figure (.) b2's are produced from wavelet analyses considering
relevant pair of variables together with controlled variables and exhibit
the resulting phase difference (1–3 year frequency band), and, phase
difference (3–8 year frequency band), respectively.

Fig. 13a reveals the wavelet coherency estimations following
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simultaneously (i) the time series observations for the period
1989:1–2016:11, and, (ii) high and low frequencies that range from 1
year to 8 years. Fig. 13a exhibits, then, some significant coherencies
between geothermal energy consumption (Geo) and industrial pro-
duction (Ip) at high frequency periods (1–1.5 year frequency in
1995–1999 and 2005–2007 and 1.5–2.5 year frequency within
2013–2016). The phase difference analyses (which are not presented
here to save place) indicate that the Geo leads Ip to increase for the
period 1995–1999 and Ip causes Geo to increase for the time intervals
of 2005–2007 and 2013–2016. The Fig. 13a exposes, on the other hand,
that there does not exist significant co-movements between Geo and Ip
at low frequencies (3–8 year frequency band).

When the controlled variables of energy consumptions of hydro-
electricity (Hydro), Wind, total biomass (Tbiomass) and total fossil fuel
(Tfossil) are added into the wavelet model, the wavelet coherencies
between Geo and Ip becomes more explicit as shown in Fig. 13b. The

total biomass comprises the consumptions of wood, waste and biofuels,
and total fossils include the consumptions of coal, oil, natural gas and
petroleum.

According to Fig. 13b, there exist strong co-movements between
Geo and Ip at shorter cycles during 1990–2002; 2010–2016 (high fre-
quency) and longer cycles 1990–2004 (low frequency). Following the
1–3 year cycle phase difference (Fig. 13b1), one may notice that Geo
decreases as Ip is leading within 1–1.5 cycle (frequency band) for the

Fig. 13. a. Wavelet coherency (Geo, Ip), 1989:1–2016:11. b. Wavelet coherency
(Geo, Ip|| Hydro, Wind, Tbiomass, Tfossil), 1989:1–2016:11.b1. 1–3 frequency
band, 1989:1–2016:11. b2. 3–8 frequency band, 1989:1–2016:11.

Fig. 14. a Wavelet coherency (Solar, Ip), 1989:1–2016:11. b Partial Wavelet
coherency (Solar, Ip|| Hydro, Geo, Tbiomass, Tfossil), 1989:1–2016:11. 14b1
1–3 frequency band, 1989:1–2016:11. 14b2. 3–8 frequency band,
1989:1–2016:11. Figure 14b1 reveals that: (a) Solar power consumption causes
Ip to increase during years 1993; 1995–1996; 2000–2001 and 2014–2016, (b)
Ip and Solar move together positively during the 1989–1992; 2003–2005 per-
iods, and (c) Ip leads to an increase in Solar during the years 1997–1999, 2000
and 2002. Figure 14b2 shows the evidence of (a) positive correlation between
Solar and Ip, as Solar leads, during 1991–2003, (b) positive correlation between
Solar and Ip, as Ip leads, during the 2004–2009 and 2014–2015 periods, and,
(c) positive correlation between Solar and Ip as they move together for the
period 2010–2013.
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period 1992–1995; 1999–2001, and, that Ip increases Geo for the
period 2012–2016. On the other hand, Geo increases national produc-
tion level during 1991; 1994–1999; 2002.

The Fig. 13b2 exhibits that, in the long term cycle, Ip diminishes
Geo in the years 1992–1993 and Geo increases Ip during years
1996–2001 and 2004. On the other hand, one may observe that Ip and
Geo move together positively in 1994–1995 and 2002–2003.

Fig. 14a exhibits the wavelet coherency analyses between Solar and
Ip for the period 1989:1–2016:11. Considering short term cycles (1–3
year frequency band), the co-movements (the possible pro cyclical and/
or counter cyclical trends) of the variables seem to be significant for the

periods 1990–1997 and 2015–2016. The long term cycle (3–8 year
frequency band) coherencies, on the other, hand appear during
1991–1995.

Fig. 14b depicts partial wavelet coherency between Solar and Ip
after adding control variables Hydro, Geo, Tbiomass and Tfossil into the
wavelet model for the period. 1989:1–2016:11. Fig. 14b indicates
stronger coherencies between Solar and Ip than Fig. 14a does. Con-
sidering both short term and long term cycles, the co-movements of
Fig. 14b seem to be more powerful than those of Fig. 14a. In the high
frequencies (1–3 year frequency band), the wavelet coherencies

Fig. 15. a. Wavelet coherency (Wind, Ip), 1989:1–2016:11.b Partial Wavelet
coherency (Wind, Ip || Hydro, Geo, Tbiomass, Tfossil), 1989:1–2016:11. b1. 1~
3 frequency band, 1989:1–2016:11. b2. 3–8 frequency band, 1989:1–2016:11.
Figure 15b1, showing phase difference analysis for 1–3 year frequency band,
reveals that: (a) Wind energy consumption advances industrial production in
the US during the years 1994–1998; 2001; 2003; 2010–2016), (b) Ip and Wind
power use move together positively (1989–1993; 2000), and, (c) Ip boosts Wind
(2002; 2004–2007, 2009), Figure 15b2, yielding phase differences for 3–8 year
frequency band, demonstrates that: (a) Wind enlarges Ip (1989–2005;
2010–2013), and, (b) Ip expands Wind power use (2006–2009; 2014–2016).

Fig. 16. a. Wavelet coherency (Biofuels, Ip), 1989:1–2016:11. b. Partial
Wavelet coherency (Biofuels, Ip || Hydro, Geo, Wind, Tfossil), 1989:1–2016:11.
Fig. 16b1. 1–3 frequency band, 1989:1–2016:11. Fig. 16b2. 3–8 frequency
band, 1989:1–2016:11. Figure 16b1 exhibits that: a. Biofuel increases Ip
(1993–1999, 2001; 2014), and, b. Ip leads Biofuel to increase (1989–1990,
1992, 2000, 2002–2013, 2015–2016). Figure 16b2 reveals that: a. Biofuel ex-
pands Ip during 2006–2012, and 2014–2016. One should underline here that
Biofuel and Ip experience weak coherence in 2014. b. Ip raises Biofuel in
1989–2005. One needs also consider 1999–2004 period weak coherence cycle
at 5-year frequency whereas they have strong co-movements at 8-year cycle for
the period 1994–2010.
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between Solar and Ip have strong associations during the years
1990–1999; 2001–2005; 2013–2016. In the low frequencies (3–8 year
frequency band), the wavelet coherencies between variables have
powerful correlations for the period 1991–2015.

Now, we need to follow, as we did follow previously the phase
differences, to observe which variable affects which variable, as leading
variable, during strong coherencies.

Fig. 15a yields wavelet coherency for Wind and Ip during the
1989:1–2016:11period. Following 1–3 frequency, the energy of asso-
ciation (the power of correlation) tends to range from 0.8 to 0.95 for the
periods 1990–1994, 1995–2000, 2002–2003, 2006–2009; 2013–2014.

Fig. 15b exhibits partial wavelet coherence analysis between Wind
and Ip. Wind and Ip have significant long term continued significant
association (cointegration) with the control variables of Hydro, Geo,
Tbiomass, and Tfossil for the period 1991–2015. In comparison with
partial wavelet coherence analyses for Geo-Ip (Fig. 13b) and Solar-Ip
(Fig. 14b), Fig. 15b indicates that the correlation power of Wind-Ip
appears to be stronger than those of Geo-Ip and Solar-Ip in the US.

Fig. 16a and Fig. 16b display wavelet coherency and partial wavelet
coherency analyses, respectively, for Biofuels and Ip. One may observe
from Fig. 16a that, in short and medium cycle terms (1–3 year fre-
quency band), there exist meaningful energy associations between the
relevant variables for the period 1990–1996; 2000–2003; 2006–2007;
2008–2012; and, 2013–2016. One also examines from Fig. 16a that, in
the long term, Biofuels and Ip follow strong correlation for a limited
time period (1991–1996).

Throughout examinations the reciprocity between Biofuels and Ip,
before and after employing the control variables of Hydro, Geo,

Fig. 17. a Wavelet coherency (Wood, Ip), 1989:1–2016:11. 17b. Wavelet co-
herency (Wood, Ip || Hydro, Geo, Wind, Tfossil), 1989:1–2016:11. 17b1. 1–3
frequency band, 1989:1–2016:11. 17b2. 3–8 frequency band, 1989:1–2016:11.
The figure 17b1 indicates that: a. Wood advances Ip (1997, 2007–2012,
2014–2016).b. Ip boosts Wood (1993–1996, 1999, 2001–2003, 2004, 2013).c.
Wood diminishes Ip (1990–1992). Figure 17b2 demonstrates that: a. Wood
enhances Ip (2001–2015).b. Ip develops Wood (1997–1999).c. Wood lowers Ip
(1994–1996).

Fig. 18. a. Wavelet coherency (Waste, Ip), 1989:1–2016:11. 18b. Wavelet co-
herency (Waste, Ip || Hydro, Geo, Wood, Tfossil), 1989:1–2016:11. 18b1. 1–3
frequency band, 1989:1–2016:11. 18b2. 3–8 frequency band, 1989:1–2016:11.
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Tbiomass, and, Tfossil into the model, one might claim that Fig. 16b
becomes more explicit than the Fig. 16a.

Fig. 16b presents the significant 1–3 year business cycle inter-
connection between variables during 1990–1996, 2001–2013, and
2015–2016 and produces significant 3–8 year business cycle inter-
relationship among the related variables for the periods 1991–2011;
and 2014–2015.

Fig. 17a and Fig. 17b depict wavelet coherence and partial wavelet
coherence, respectively, between Wood and Ip. As Fig. 17a is not ade-
quate to verify strong movements between Wood and Ip, the Fig. 7b
shows more explicit interconnection among Ip and Wood for the per-
iods 1990–1999, 2001–2003, 2004, 2007–2015 (1–3 year cycles), and
1991–2014 (3–8 year cycle).

Following waste and Ip variables, Figs. 8a and 18b display weak co-
movements and relatively stronger co-movements, respectively. Ac-
cording to the Fig. 18b, in short term cycles (1–3 year frequency band),
one might monitor significant coherences during 1990–1998,
2000–2002, and, 2008–2009. Considerable long term (low frequency)
coherence occurs among Waste and Ip for the period 1991–1998,
2000–2005, and 2008–2013.

By following Fig. 18b, Fig. 18b1 presents that Waste increases Ip
(1990–1996, 1998, 2000–2002, 2008–2009). Considering Fig. 18b, the
Fig. 18b2 reveals that Waste increases Ip (2008) and that Ip increases
Waste for the periods 1991–1998, and, 2009–2013.

5. The empirical, statistical facts underpinning the wavelet
estimations

This paper followed the mathematical/statistical analyses of wa-
velet coherence and partial wavelet coherence to depict, if exist, sig-
nificant co-movements between industrial production index (Ip) and
renewables’ energy consumption (geothermal, solar, wind, biofuels,
wood, and, waste) in the US.

In Section 4, the outcome from wavelet analysis is, in general, that
renewables’ energy consumption leads to economic growth. The geo-
thermal, solar, wind and biofuels lead Ip to increase mostly during the
1990s, in the beginning of 2000s and mid of 2010s. The renewable
wood is efficient on Ip rather within the second half of 2000s and 1st
half of 2010s, as waste is forceful on Ip more often during 1990s and
2000s.

In addition to the results of the wavelet analysis, one might wonder
in reality whether there has been a renewable energy-driven growth in
the US economy for the period 1990s, 2000s and/or, 2010s. Or one
might wish to observe some governmental or institutional announce-
ments verifying wavelet analyses of this research pointing to the finding
of renewable energy-induced growth in the US. To this end, in Section
5, we aimed at exploring some statistical facts underpinning the out-
come of Section 4.

For instance, Union of Concerned Scientists [109] and EIA [110]
point out considerable development/growth of renewables in the US.
According to U.S. Energy and Employment Report [111–113], Solar
Jobs Census [114], and Clean Technica [116] confirm the fact that
renewables’ sector induced employment (new jobs) and economic
growth in the US.

Table 5 presents the increasing considerable role of renewables in
electricity generation sector in the US for the period 1990–2017. In
order for plants to be able to produce more electricity, with the em-
ployment of renewables, need to expand their demand for labor fol-
lowing their production functions, Qsr = f (K, L), where, Qsr, K and L
depict quantity of renewables supplied, amount of capital and amount
of labor respectively. The increasing role of renewables in electricity
markets should be accompanied with an increment of L employment
and K employment. Expansion in demand for L and K in a market will
eventually bring about expansion in local and national economy
through direct and indirect effects of additional usages of the inputs of
K and L.

Renewable energy development outperforms fossil fuels in two
important ways when it comes to driving job growth: 1) Renewable
energy production is relatively labor intensive, hence, electricity pro-
duction, for instance, from renewables, might lead growth of employ-
ment to increase relatively more than that of fossil fuel resources, and,
2) Investment in renewable energy plants and grids employs primarily
regional employees, therefore, investment dollars are kept in regional
communities [109]. Union of Concerned Scientists [109] suggests that
federal, regional, and state authorities invest in new transmission ca-
pacity for renewable energy, and, that administrators, policy makers
follow some incentive policies, such as subsidies and/or tax advantages,
to boost renewable energy production/consumption. Table 5 depicts
that coal and petroleum used in electricity generation have dropped by
34.61%, and, 43.09%, respectively, from 2010 to 2017, and, that solar
and wind employed in electricity power generation have increased
dramatically by 4268.80% and 168%, respectively, for the same period.
Other renewables; hydro, wood, waste, and geothermal have developed
by 15.25%, 16.44%, 9.81% and, 4.97%, respectively.

Table 6 indicates that as employment in fossil-electric power gen-
eration grows by 11%, the growths in the employment of solar, wind,
bioenergy/CHP, and, hydro in the same sector are 24.52%, 31.98%,
33.00%, and, 6.67%, respectively. Following Table 6, we can rank the
first 5 growth rates of labor employment by electricity generation
technology, from 1st one to 5th one, in the following way; 1st is
bioenergy/CHP (33.00%), 2nd is wind (31.98%), 3rd is solar (24.52%),
4rth is nuclear (21.34%), and, 5th is fossil (11.11%), respectively.

In terms of last quarter of 2016, in the United States, there exist (a)
4.24 million employees in traditional energy sector, and (b) there
available 1.9 million workers in fuel production and energy power
generation sectors. The electric power generation sector has created
totally 732, 478 job opportunities. Within this total amount, the labor
employment shares of the fossil fuels, nuclear, and renewables are
25.54% (187,117 jobs), 9.30% (68,176 jobs), and 65.14% (477,185
jobs), respectively. The renewables’ total amount of 477,185 jobs in
electricity power generation consists of employments in wind energy
sector (101,738 jobs), solar energy sector (260,077 jobs), hydro energy
sector (65,554 jobs), geothermal energy sector (5,768 jobs), and, bio-
mass energy sector (26,014 jobs) as indicated in U.S. Energy and
Employment Report [113].

From 2012:1–2016:4, the growth rate of employment in solar sector
and wind sector are 119% and 36%, respectively [113]. From January
2006-September 2016, the electricity generation growth from coal,
natural gas, and, solar are −53%, 33%, and, 5000%, respectively.
Regarding the only period September 2015-September 2016, the usage
of solar in electricity generation has enhanced by 52% in the US [111].
Due to considerable construction of solar generation plants, solar en-
ergy equipment's, and solar energy capacity, the share of solar em-
ployment in total electricity generation in 2017 has been 43% which
corresponds to 374,000 jobs [112].

According to Solar Jobs Census [114], in terms of installation,

Table 5
Percentage growth in electricity generation.
Data Source: EIA [110].

1990–2000 2000–2010 2010–2017

Coal 23.35 − 6.05 − 34.61
Petroleum − 12.05 − 66.68 − 43.09
Natural Gas 61.24 64.33 28.87
Other Gases 34.40 − 18.93 25.16
Nuclear 30.69 7.04 − 0.25
Hydro − 6.68 − 5.68 15.25
Wood 15.60 − 1.12 16.44
Waste 74.44 − 18.22 9.81
Geothermal − 8.69 7.99 4.97
Solar 34.40 145.69 4268.80
Wind 100.58 1592.26 168.62
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manufacturing, sales and distribution, project development, and other,
the number of people employed in solar sector in the US in 2015, 2016
and 2017 were 208,859; 260,077 and 250,271, respectively as shown in
Fig. 19.

With 101,138 jobs in 2016, the wind sector is also a leading sector
in the US energy market. Employment in wind sector has the growth
rate of 31.98% from 2015 to 2016 as depicted in Table 6. The available
jobs in wind sector were 51,000 at the end of 2013 [115]. From 2013 to
2016, the growth rate in employment of wind sector is 98.11%. Ac-
cording to the US Bureau of Labor Statistics, the jobs in wind sector will
grow by 108% over the next decade [116]. According to Clean &
Technica [117], U.S. Department of Energy forecasts that the US will
construct additional 100,000 wind turbines that will demand for more
than 500,000 employees by 2030. Therefore, wind energy sector in-
duces powerful domestic supply chain in the US. Total 600,000 jobs in
wind sector together with jobs current (100,000) and in the future
expected (500,000) the sector will have a considerable role in manu-
facturing, installation, maintenance, and supporting services by 2050 in
the US [118]. The US Energy Department [118] states that wind energy
is more affordable than natural gas and coal since contracts of wind
energy generating sector consists of fixed energy prices for 20 years and
indicates that less vulnerability of the US to changes in prices and
supply disruptions through long term contracts, the wind energy sector
is expected to save households $280 billion by 2050. The wind sector
has already an annual economic impact of about $20 billion on the U.S.
economy [118].

Biomass and geothermal usages have also considerable contribu-
tions to the US economy. The biomass has approximately 100 billion US
dollar direct and indirect contribution to the United States [119]. US
Department of Energy [119] claims that biomass sector has employed
half million people in the US, and, will triple the employment level of
the sector in the next two decades. Besides, the developments in bio-
mass, biofuels technologies are expected to produce a stable domestic
energy which in return will cause US oil import to decline. Geothermal

sources have supported the US economy by 20 billion US dollars in
terms of 2015 [120] and are anticipated to create new potentials in US
economy by 85 billion US dollars within next three decades [121].

Due to significant potentials and advantages of renewables in terms
of employment, GDP, quality environment and hence health, and pro-
ductivity, there exist renewable related several state and local programs
and/or federal programs to subsidy the renewables production in the
US. Fig. 20 presents the percentage shares of federal direct financial
interventions in U.S. energy sectors by subsidy-support type. The sub-
sidy-support types are divided into four groups; (1) Direct expenditures,
(2) Tax expenditures, (3) Research and development, and, (4) DOE
Loan Guarantee Program [122]. According to EIA [122] sources, the
shares of renewables within federal direct total financial interventions
and subsidies in 2010, 2013 and 2016 are 42%, 52% and 45%, re-
spectively. On the other hand, the shares of nuclear, natural gas and
petroleum, coal within total federal financial interventions and sub-
sidies in 2016 appear to be 2%, 5% and 8%, respectively.

Overall one can argue that renewables have great positive influ-
ences on the US economy in terms of employment, investments, re-
search and development, energy independency and energy security,
and, environmental quality. Therefore, one should consider direct and
indirect contributions simultaneously of the renewables to the house-
hold's life style, industrial production, and, new capital formations. The
renewables have considerable direct and indirect impacts on the US
economy. Direct effects include the labor employment (drilling, as-
sembling, and manufacturing) and capital employment through initial
realized renewables investments; the indirect impacts consist of re-
levant additional employment and economic activities through supply
chain processes, research and developments, clean environment and
public health.

The latter topic of decomposition of renewables’ impulses in a na-
tional economy as direct and indirect impulses might be followed by
potential possible future research paper(s) in detail to give more insight
into the understanding the economic, social and environmental role of

Table 6
Employment by electricity generation technology, 2015: Q2–2016: Q1.
Data Source: U.S. Energy and Employment Report [111,112].

Percentage Growth Percentage Share Percentage Share

2015 2016 2015–2016 in 2015 in 2016

Solar 300,192 373,807 24.52 42.05 43.42
Wind 77,088 101,738 31.98 10.80 11.82
Geothermal 7645 5768 −24.55 1.07 0.67
Bioenergy/CHP 19,559 26,014 33.00 2.74 3.02
Hydro 61,453 65,554 6.67 8.61 7.61
Nuclear 56,185 68,176 21.34 7.87 7.92
Fossil 135,898 151,001 11.11 19.04 17.54
Advanced Gas 35,98 36,117 0.38 5.04 4.20
Other 19,936 32,695 64.00 2.79 3.80
Total Jobs (Thousand) 713,936 860,87

Fig. 19. Employment in solar sector in the US for the period 2015–2017.
Data Source: Solar Jobs Census [114].

Fig. 20. Percentage shares of federal direct financial interventions in U.S. en-
ergy sectors by subsidy-support type.
Data Source: EIA [122].
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renewables.

6. Conclusion and recommendation

This research aims at exploring the influence of renewables on in-
dustrial production (Ip) in the US by following continuous wavelet
coherence and partial continuous wavelet coherence analyses. To this
end, we observe the co-movements between, biofuels-Ip, solar-Ip, wind-
Ip, geothermal-Ip, wood-Ip, and, waste-Ip pairs in the US for the
monthly period from January 1989 to November 2016.

Throughout wavelet analyses, this research presents firstly the evi-
dence in the short term cycles (in high frequency band), and, explores
findings of long term cycles (in low frequency band) as given in 1 and 2.

1- In short term cycles, geothermal, solar, wind, biofuels, wood and
waste have significant positive effect on industrial production (Ip) in
the US.

The geothermal, solar, wind and biofuels seem to lead Ip to increase
mostly during 1990s, in the beginning of 2000s and mid of 2010s. The
renewable wood is efficient on Ip rather within the second half of 2000s
and 1st half of the 2010s, as waste is forceful on Ip more often during
1990s and 2000s.

2- In long term cycles, geothermal, solar, wind, biofuels and wood
have significant positive impact on Ip in the US.

Wind and solar are seen to be effective on Ip during 1990s and 1st
half of 2000s. Besides, wind power has significant influence on Ip for
the 1st half of 2010s. The geothermal energy source shows its impact on
Ip in the second half of the 1990s and first half of 2000s. Biofuels has
significant impulses on Ip in the second half of 2000s and first half of
the 2010s. The Ip is affected by wood during 2000s and first half of the
2010s. Renewable source waste appears to have an impact on Ip only in
2008, in low frequency band, in the US.

This paper eventually can claim that renewable energy sources can
influence positively the US industrial production. Through time series,
or, panel or wavelet analyses, a future work might explore the corre-
lation between renewables consumption and welfare. This future work
further might reveal the impact of renewables sector on national em-
ployment, investments, research and developments, energy in-
dependency and energy security, and, environmental quality through
direct and indirect contributions of the renewables to the household's
life style, industrial production, and, new capital formations.
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