Renewable Energy 206 (2023) 858-871

e 3

Contents lists available at ScienceDirect
Renewable Energy

AN INTERNATIONAL JOURNAL

Renewable Energy

FI. SEVIER

journal homepage: www.elsevier.com/locate/renene

L)

Check for

The role of solar energy usage in environmental sustainability: Fresh e
evidence through time-frequency analyses

Sevda Kuskaya “, Faik Bilgili >, Erhan Mugaloglu ", Kamran Khan ¢,
Mohammad Enamul Hoque ¢, Nurhan Toguc®

& Justice Vocational College, Dept. of Law, Erciyes University, 38280, Kayseri, Turkey

® Faculty of Economics and Administrative Sciences, Erciyes University, 38039, Kayseri, Turkey

¢ Kashmir Institute of Economics, University of Azad Jammu & Kashmir, Muzaffarabad, Pakistan and Erciyes University FEAS, 38039, Kayseri, Turkey
4 BRAC Business School, BRAC University, 66 Mohakhali Dhaka 1212, Bangladesh

© Gelisim University, Faculty of Economics, Administrative and Social Sciences, 34310, Istanbul, Turkey

ARTICLE INFO ABSTRACT

Keywords:

Solar energy

Carbon dioxide emissions
Sustainability
Time-frequency analysis
Wavelet transform

The United States

The most important challenge for both developed and developing countries is to ensure sustainability while
struggling with environmental degradation. COy emissions as a proxy for environmental degradation can be
considered an obstacle to sustainability. There exist several significant works in the literature on the effects of
solar energy use on environmental degradation/sustainability. In this study, the effects of the use of solar energy
within different time and frequency dimensions on CO2 emissions were examined with the methodology of the
continuous wavelet transform. The paper investigated the association between solar energy consumption and
total energy-related COy emissions in the USA through Morlet wavelet analysis, which is one of the most
advanced time-frequency analysis methods for the period 1990:1-2022:6. In the wavelet coherency computa-
tions, geothermal energy consumption, hydroelectric energy consumption, industrial production, and
manufacturing industry production variables were also included as control variables. Empirical findings
demonstrate that solar energy consumption can have reducing effects on CO emissions at lower frequencies
(longer-term cycles) and sub-time periods (2014:1-2022:1) in the USA. The findings can guide the energy and
environmental policies of developed and developing countries that aim to struggle with global warming and/or
climate change through the increase in solar energy usage.

1. Introduction and to achieve the Paris Agreement goal of limiting the global average

temperature to well below 2 °C preferably 1.5 °C [5]. Meanwhile, [6]

The modern economic growth paradigm is heavily reliant on the
consumption of fossil fuels that are mainly responsible for CO, emis-
sions. While carbon dioxide emissions are a leading source of climate
change and global warming, which have dire consequences for sus-
tainable human survival, ecosystems, and biodiversity [1-3]. Recent
spells of rapid economic growth have spurred the consumption of fossil
fuels and subsequently enhanced global warming by triggering carbon
emissions at a larger scale [4]. It is worth mentioning that ongoing ef-
forts for the decarbonization of the environment are encouraging but
inadequate to avoid climate disasters knocking down in near future.
Thus economy-wide transformations are required to achieve zero carbon
emissions in key sectors like energy, industry, agriculture, and transport;
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iterated that human-induced climate change originating primarily from
burning fossil fuels has already caused irreversible damage to
human-wellbeing and planetary health. It has cautioned the global
community about the spiking global average temperature and urged for
a 45% cut in carbon emissions by 2030 to restrict it to 1.5 °C. The report
further insisted on the urgent decarbonization of the global economy to
avoid natural calamities such as frequent and intense droughts, fresh-
water shortages, tropical cyclones, heat waves, melting glaciers,
mounting sea levels, ocean acidification, and declining precipitation. In
short consumption of fossil fuels has many repercussions for the envi-
ronment and society that are; (1) triggering carbon emissions and air
pollution, (2) spiking global average temperature, (3) causing natural
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disasters, (4) food, water, energy insecurity, (5) threatening human
well-being, (6) hindering sustainable growth and sustainable develop-
ment, (7) accelerating natural resource depletion. Therefore, it is crucial
to alter fossil fuels with renewable energy sources to protect the envi-
ronment and ensure a sustainable future for humanity [7]; IERNA, 2022;
[8-12].

Considering the challenge of climate change and the global emphasis
on renewable energy, the first aim of this study is to examine the in-
fluence of solar energy on environmental quality in the USA. Solar en-
ergy is amongst the cleanest forms of energy having the potential of
6500 TW [13] that is capable enough to meet a substantial portion of the
world’s energy demand [14]. It has tremendous environmental advan-
tages over traditional energy sources that are; (1) reducing CO5 emission
and other toxic gas emissions like SO,, (2) mitigating natural resources
depletion, (3) providing energy independence and security, (4)
enhancing the quality of water resources, and (5) contributing to sus-
tainable development [12]. Furthermore, it is an everlasting and rela-
tively inexpensive energy source that mitigates negative externalities to
the environment [7]; and the most promising alternative to
carbon-intensive non-renewable energy that contributes to Sustainable
Development Goals adopted by the UN in 2015 [15,16]. That is why
solar energy has grabbed significant attention amongst all the other
renewables; and achieved remarkable growth in recent years [17].
Renewable energy sources have gained momentum last year by mani-
festing 38% of the global installed capacity. In 2021, the world has
added 257 Gigawatts of renewables reflecting a 9.1% increase in the
stock of renewable power; and only solar power accounted for record
more than half of the renewable additions that are 133GW. This progress
is encouraging but not sufficient to achieve a net zero carbon future.
Hence, it is crucial to enhance the share of renewables by up 40% in total
energy generation in 2030 [18]. Being the world’s largest
energy-producing and consuming country [19], the USA has also added
13.2 Gigawatts (GW) of utility-scale solar capacity in 2021 which is a
record 25% more than the 10.6 GW supplemented in 2020 [20]
reflecting a significant increase in the energy transition.

Besides, the present study uses hydropower energy consumption,
geothermal energy consumption, industrial production, and
manufacturing industrial production as control variables. Geothermal
and hydro energy consumption were found significant in increasing
environmental quality in the USA [21,22]. Industrial production is at the
heart of economic growth [23] however, it stimulates energy con-
sumption that is fundamentally accountable for the deterioration of the
environment [24]. Hence, the outstanding challenge for modern-day
governments and policymakers is to preserve the environment without
compromising economic growth. In the last couple of decades, econo-
mies with an uppermost share of the global manufacturing output wit-
nessed spectacular economic growth coupled with environmental
degradation [25-27]. Likewise, Liu and Bae [28] noted that rapid
industrialization has triggered COy emissions in China; the world’s
largest manufacturing hub. Lending support to the argument [29],
highlighted that industrial sector growth is inescapably linked to the
consumption of fossil fuels responsible for triggering COy emissions in
both SR and LR. On the contrary [24,30], claimed that industrial sector
growth reduces CO5 emissions to protect environmental quality.

This research offers various contributions to recent economic liter-
ature. (i) It is worth mentioning that numerous studies have researched
the solar energy-CO; relationship for various countries at different
points in time. Most of the studies have utilized panel data while the rest
have employed traditional methodologies such as OLS, ARDL, and
quantile [7]. Whereas, the current study uses the wavelet methodology
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to investigate the nexus between solar energy and CO, emissions. The
wavelet approach is a contemporary estimation methodology that offers
localization in time and frequency domains and allows the researchers to
examine the data at different scales [31]. Therefore, the present study
uses wavelet decomposition to simultaneously examine the SR and LR
association between solar energy and carbon emissions. As the syn-
chronized investigation offers a better understanding of the mentioned
earlier phenomena to reach solid conclusions. (ii) Besides, the current
study examines the sustainability of hydropower energy, geothermal
energy, and industrial production. As hydropower and geothermal en-
ergy are among the cleanest renewable energy sources that have gained
significant momentum in recent years [18]. While industrial production
is at the heart of economic growth [23] and is principally accountable
for carbon emissions [24]. (iii) This is a country-specific study that fo-
cuses on the USA. Because the USA is the world’s largest economy [19],
and is among the top solar energy consumers around the globe [7]. (iv)
This study comprehensively reviews the solar energy policies imple-
mented by the USA as well as the policies and proposals that are un-
derway. Furthermore, it thoroughly reviews the existing literature on
the solar energy-carbon emissions nexus. (v) Based on the empirical
findings, the current study presents some suggestions for policymakers
and governments that might be helpful to mitigate the carbon footprint.

This research includes five sections. After the introduction section,
the literature review section reviews the available works regarding
renewable energy use, solar energy usage, and sustainability in terms of
CO9 emissions, and growth. In the third section, the data and wavelet
methodology are introduced. The empirical results are discussed in the
4th section. The last section yields conclusion and policy
recommendations.

2. Literature review

The postwar neo-classical theory perceives energy as an outcome of
economic activity, which neglects its possible direct impact on economic
growth, because of the relatively stable energy markets and seemingly
maintained energy-secure environment of the pre-oil crisis era in the
1970s [32]. However, oil supply shocks in 1973 and 1979, tensions and
wars in oil-producing countries’ neighborhoods during the Iraq-Iran war
in the 1980s, Kuwait’s invasion and Gulf war in 1991, and fast-growing
environmental concerns related to climate change have altered energy
as an endogenous factor in economic growth [33]. influential paper
pioneers in investigating the relationship between energy and economic
growth in the USA and find evidence of energy conservation, which
suggests that economic growth causes energy consumption. Since then,
a vast number of economic studies have been investigating the energy
consumption and economic growth nexus, in the context of either
aggregated or disaggregated energy measures, different periods, and
various types of econometric methods for single countries, regions as
well as country groups [34-42]; Ozturk et al., 2010; [3,43-48]. Never-
theless, the economic growth and energy consumption nexus literature
lacks a common conclusion. Some review studies summarize these
mixed results [19,49-51].

2.1. Renewable energy-growth-emission

Since fossil fuel combustion is the main source of carbon emissions,
climate change mitigation policies mostly force economic agents either
to substitute non-renewables for renewable energy sources or promote
energy-saving technology investments [52,53]. Therefore, energy eco-
nomics literature particularly on sustainable growth and renewable
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energy has been increasing around the substitutability among different
energy sources and its inclusion into macroeconomic models, and how it
might affect the countries’ economic growth path [32,54]. In recent
work [55], investigate the cyclical relationship between the technical
progress in green and sustainable energy, and carbon emissions in G7
countries from 1990 to 2018. They show that the sustainable growth and
environmental degradation nexus is counter-cyclical [19]. state that
most studies investigating the relationship between renewable energy
and economic growth analyze the total renewable energy consumption
and employ panel cointegration and causality analysis to multi-country
data. On the other hand, recent studies pay more attention to the link
between disaggregated renewable energy and sustainable growth. The
following selected literature includes different types of renewable en-
ergy sources in their analysis and examines how they are connected to
economic growth (see Refs. [56] [biomass, geothermal, hydro] [57];
[biomass] [58]; [biomass] [59]; [hydro]; [60] [biomass, hydro,
geothermal, wind, solar] [61]; [solar] [62]; [nuclear])

The rising concerns about the expected and/or unforeseen cata-
strophic economic damage of climate change have led to the inclusion of
environmental degradation measures such as carbon emissions, land and
water pollution, carbon footprint, and air quality into sustainable
growth-energy consumption nexus analysis. In their panel study exam-
ining the linkage between 35 OECD member countries’ economic and
environmental aggregates over the period 2000 and 2014, Ozcan et al.
[63] reveal that countries’ economic growth and energy consumption
tendencies determine their success in achieving environmental targets.
Since the dynamic models including energy consumption eliminate the
omitted variable problem, they provide enhancement to understanding
the income and environment nexus [64-66]. According to studies
investigating the relationship between energy consumption, carbon
emissions, and economic growth, governments should incorporate the
reduction in fossil fuel dependence as a common global policy goal to
sustain economic growth and prevent environmental degradation
simultaneously [67]. Renewable energy sources are most likely sub-
stitutes for fossil fuel combustion, particularly in power markets [68].
Therefore, analyzing renewable energy consumption and its direct and
indirect impact on carbon emissions and economic growth become
crucial concerning energy and environmental policy implementations.
Using dynamic OLS and Granger causality for cointegrated series, Mulali
et al. [69] find that renewable energy consumption negatively impacts
CO; emissions in the observed global regions with a considerable
renewable energy consumption to total energy consumption ratio. On
the other hand, this relationship is inconclusive for regions with an
insignificant renewable total energy ratio [70]. employs panel and
generalized method of moments (GMM) methodology with fixed effects
to assess the relationship between renewable energy consumption,
growth, and CO» emissions in the US states between the periods 1997
and 2017. Its results validate an inverted Environmental Kuznets Curve
(EKC) and verify that renewable energy consumption has a negative
impact on CO; emissions in the US states. In addition to CO2 emissions
[71], examines the validity of the EKC hypothesis against the ecological
footprint in ASEAN countries from 1991 to 2016 and confirms that EKC
holds for ecological footprint. Besides, there is a considerable number of
studies examining the economic growth, environmental degradation,
and renewable energy consumption nexus for various country groups in
addition to single-country analysis. (Please refer to Refs. [3,45,72-76];
for OECD countries, [77-79]; for EU countries, [80-83]; for developing
countries, [84,85]; for the USA). They support a common result that
renewable energy consumption plays an important role in CO5 emissions
reduction.

2.2. Solar energy-growth-emission
In addition to a vast literature on the renewable energy consumption,

economic growth, and environmental degradation nexus, Sar1 et al. [86]
examine the relationship between disaggregated renewable energy
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variables of hydropower, solar, and wind energy consumption and
macroeconomic aggregates of industrial production and employment in
the US. Although they find a significant long-run causality from eco-
nomic growth to all disaggregated energy variables, the sign of impact
turns out to be negative for solar energy. Besides, contrary to other
energy variables, solar energy consumption is reversely connected to
employment. In a recent panel estimation study by Refs. [87-89] for G-7
countries from 1995 to 2018, the relationship between solar energy
consumption and economic growth validates the EKC hypothesis. On the
other hand [90], show that there is a weak long-run relationship be-
tween solar energy consumption and economic growth over the period
1990 and 2008 in 20 OECD countries, while Grio and Soares [91] sug-
gest that solar energy consumption positively affects the economic
growth in 18 EU countries. Literature that studies the relationship be-
tween economic growth and solar energy consumption provides mixed
estimation results for different countries and country groups.

Recent studies, which examine the solar energy consumption and
CO9 emissions nexus in the US, show that solar energy consumption
reduces environmental degradation, ecological footprint, and CO,
emissions [7,92-94]. Contrary to their single-country findings [92],
conclude that there is no significant panel causal relationship between
CO emissions and solar energy consumption, while [87,88] find evi-
dence that solar energy consumption reduces COy emissions in G-7
countries. In addition to econometric techniques, energy system engi-
neering methods of life cycle assessment (LCA) and parametric modeling
also state that solar energy consumption reduces CO2 emissions since it
effectively replaces fossil fuel combustion in the power sector [95,96].
Besides Li et al. [97] examines the importance of solar energy as well as
rigid environmental policy in achieving environmental sustainability in
OECD countries from 2001 to 2018 by considering cross-sectional de-
pendency. They verify that solar energy consumption lowers the
ecological footprint of most OECD countries. In their review study [98],
investigate the role of solar energy especially photovoltaic and thermal
technologies to maintain sustainable development. They state that solar
energy consumption significantly reduces carbon emissions as well as air
pollution as a medium of fossil fuel substitute, thus it is a prospective
tool for achieving global sustainable development goals in the energy
sector [87-89]. include various renewable energy technologies in a data
envelopment analysis to measure their relative importance to achieve a
more green and sustainable economy in Pakistan. They rank solar en-
ergy as the second most important renewable technology just after wind
energy to diminish the use of fossil energy. Analogously Ghenai et al.,
2020 propose solar PV following wind and fuel cells technologies to
maintain sustainable energy development by performing a multi-criteria
decision-making model to evaluate the realization of various renewable
energy technologies including solar photovoltaic cells in major in-
dicators of resource, economic, social technology, and environmental
sustainability. Table 1 presents an extensive summary of the literature
that examines the relationship between solar energy consumption,
economic growth, and environmental measures.

2.3. Solar energy policy

The volume and scheduling of solar energy power generation in-
vestment decisions are very much responsive to the federal energy
policy enforcement in the USA [107]. Main energy policy implementa-
tions are investment tax credits (ITC) and production tax credits (PTC),
which are first introduced to the public for renewable energy technol-
ogies in 1992. These energy policy-related tax incentives have an
important role during the decision-making process in energy projects as
well as in the scenario analysis of energy policy and research centers’
projections for future renewable energy generation trends. For instance
Ref. [108], predicts total solar photovoltaic (PV) net generation of 1.2
billion, 1.0 billion, and 1.4 billion megawatt-hours in 2050 regarding
alternative tax credits cases of business as usual, extended, and sunset
cases, respectively. Table 2, below, summarizes the solar energy policy
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Table 1

Recent studies on solar energy consumption (SEC), environmental degradation, and economic growth.

Renewable Energy 206 (2023) 858-871

Authors Country/Region Methodology Main findings
(Period)
[86] The USA ARDL In the LR, there is a significant negative relationship between
(2001:1-2005:6) SEC and economic growth. (Growth — SEC)
[90] 20 OECD Panel error correction and co- In the LR, weak relationship between SEC and GDP.
(1990-2008) integration (Growth—SEC)
[91] 18 EU countries Panel estimation with fixed effects SEC positively affects GDP. CO, emissions positively affect
(2000-2012) GDP.
SEC has a higher positive impact than the aggregated
renewable energy consumption
[19] The USA Wavelet coherence, In both SR and LR, SEC positively affects industrial production.
(1989:1-2016:11) Phase difference

[99] China VAR-based cointegration, VECM SEC and CO, emissions are negatively related.

(1990-2007) Technical progress in solar energy diminishes CO, emissions.

[92] G-7 countries, AMG, Panel bootstrap causality There is no significant (panel) relationship between SEC and

(1990-2004) COy,
Mixed results for single-country cases. SEC reduces CO in the
USA.
[95] Technical report Parametric model on photovoltaic PV electricity generation prevents CO2 emissions associated
Alexandria, Egypt cell position with grid electricity.
[100] 13 electricity markets in the US, Linear model Decreasing the cost of wind and solar energy installment
(Hourly data in 2016) technology isn’t alone sufficient to satisfy CO, emissions
abatement targets.
[101] China, India, the USA Machine learning, Causal direction Wind and SEC combination is an effective substitute for coal
(1983-2017) from Dependency consumption, thus reducing CO, emissions. (CO>—SEC, in
India)

[93] 10 most SEC countries: China, the USA, Japan, Germany, Quantile on Quantile for each SEC reduces CO, emissions in the USA and other countries
India, Italy, Australia, Vietnam, South Korea, and Spain.  country. except for Spain and India
(1991-2018)

[25] World aggregated data, ARDL bounds test In both LR and SR, SEC reduces global CO, emissions.
(1990-2020)

[102] 8 most SEC countries: China, the USA, Japan, Germany, Quantile on Quantile, Quantile- SEC decreases human ecological footprint at lower quantiles,
Italy, Australia, South Korea, and Spain. based Granger causality however, it isn’t sufficient at higher quantiles.
(1990:Q1 - 2017:Q4)

[103] Saudi Arabia VECM SEC reduces CO, emissions.

(2010:1-2018:12) It supports achieving SDGs by limiting polluting industries.

[104] China Quantile ARDL In the LR, SEC and CO, emissions are negatively related at

(1990-2018) higher quantiles.

[96] Technical report Life cycle assessment (LCA) Solar energy generation has a significant CO, emission
reduction impact, but its production requires more technical
progress.

[94] The USA Wavelet coherence Residential SEC mitigates CO5 emissions in 1-2 years cycles.

(1981:1-2020:1) Phase differences
[105] 35 countries from diverse income groups (2005-2018) CCEMG, AMG, and FMOLS In the LR, SEC reduces CO, emissions.
[71 10 most SEC countries: China, the USA, Japan, Germany, Quantile on Quantile for each SEC reduces CO, emissions in the USA and other countries

Karlilar and
Emir [106]
[87-89]

India, Italy, Australia, the UK, South Korea, and Spain.
(1991-2018)

India
(1995-2018)
G-7 countries,
(1995-2018)

country.

Fourier ARDL cointegration,
FMOLS

Panel estimation, cross-sectional
dependence, panel co-integration

except for France.

The overall SEC and CO,, nexus are stronger at higher quantiles
of CO,.

SEC is negatively related to ecological footprint.

Wind and Solar energies are alternatives to coal-fired energy.
SEC reduces CO, emissions.

EKC is validated.
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Table 2 Table 3
Summary of the USA’s solar energy-related policy implementations [109]. The definition of variables.
Year Status Act Policy implementations Variables Abbreviation ~ Unit Data
and their goals Source
1978 Ended Solar Photovoltaic Re-establishment of Solar energy usage Solar Trillion Btu [20]
Energy Research, research and development Total energy-related CO, CO2 Million Metric Tons of ~ [20]
Development, and programs for solar PV emission Carbon Dioxide
Demonstration Act energy systems. Geothermal energy usage Geo Trillion Btu [20]
1978  Ended Energy Tax Act of 1978  Up to 30% ITC, Residential Hydroelectric power usage Hydro Trillion Btu [20]
(Extended in tax credit for solar energy Industrial production index P Index [110]
1980) investments Manufacturing industrial MANIP Index [110]
10% PTC, first time production index
introduced a business
energy tax credit at
1986  Ended Tax Reform Act of 1986  10% PTC, extended for 2 rate for solar energy generation to remain at 26% till 2023, and to be at
g’;;‘dw till years %10 in 2025, however Federal Business Investment Tax Credit (ITC) Act
. . o :
1992  In force Federal Business 30% of ITC is available of 1992 had intended to be flxed at '10 % in 2022. X
(Extended last Investment Tax Credit through 2019, ramping The USA solar energy policy provides a permanent tax credit for solar
time in 2015) (TcQ) down to 26% in 2020 and energy power generation investments at 10% by the Federal Business
22% in 2021. Investment Tax Credit (ITC) Act of 1992 while the production tax credit
0 i i . . .
;g 2/ "ZO:JZ?nygirdmanem n for wind energy power generation phases out in 2024. Therefore, solar
1999  Ended Energy for the New Fund for research and power generation is projected to be responsible for 80% of the increase
Millennium: National development of silicon in renewable energy electricity by 2050 [112]. After ITC and PTC, en-
Photovoltaics Program  materials, thin film, and ergy policy implementations supporting the USA renewable energy
Plan other innovative concepts generation are the funds that advance solar energy generation technol-
that progress in solar PV. ies. Th funds aim to 1 1 s initial i ¢ t ts t
2006 Ended Solar America Funds for research and OgleS. ' ese funds aim '(? owe}r so :flr energy’s initial investment costs to
(Integrated into development in solar cell maintain more competitive prices in power markets.
2009 Solar manufacturing
energy tech. Support for electricity 3. Data and methodology
program) market integration of solar
power generation
Reducing the cost of solar 3.1. Data
power to be regularly
available at less than 10 In this paper, the nexus between monthly solar energy consumption
cents/kWh by 2015 (Solar) and total energy-related CO, emissions (CO5) in the USA econ-
2008 In force Advanced Solar PV Fund for university-leading L. . d b 1 1 lysis f h iod
development: Solar projects omy is investigate y Morlet wavelet analysis for the perio
America Initiative Maintain a competitive 1990:1-2022:6. Geothermal energy consumption (Geo), hydroelectric
price in the markets power consumption (Hydro), industrial production index (IP), and
between 5 and 10 cents/ manufacturing industrial production index (MANIP) variables are
kwh by 2015 included as control variables in the analysis (see Table 3)
2009 In force American Recovery and  Extra fund of $80 billion to i o o N o .
Reinvestment Act: support clean energy R&D The main descriptive statistics of the variables used in the analysis
Appropriations for projects, smart grids, and are presented in Table 4. All variables have positive mean values.
Clean Energy previous programs. Among the renewable energy sources, the Hydro variable has the
2015 In force Renew300 Federal The goal of reaching 300 highest mean value. The variables with the highest volatility according
Renewable Energy MW of renewable energy hei .. 1 1
Target through onsite and to their standard deviation (Std. Dev.) values are Hydro, Solar, and CO,
community-scale emissions, respectively (see also Fig. 1). The variables with negative and
renewable energy positive kurtosis values indicate that the series does not follow a normal
installations at federally distribution. Considering the positive and negative values of skewness
assisted housing by 2020. 1 it is ob d that th . trv in th .
Solar PV is at the center of values, it is observed that there is an asymmetry in the series.
this initiative.
2021  In force Funding f(.)r thin film Fund for advancing solar 3.2. Methodology
technologies for solar PV technology to lower the
PV price of solar energy by
60%, from 4.6 cents in Wavelets are one of the most effective tools used in the construction
2021 to 2 cents in 2030. of functional spaces in recent years [114]. Function W(t), which is
2021 In force Consolidated 26% ITC extended till

Appropriations Act

2023, gradual reduction to
22% in 2024 and 10% in
2025

implementations listed in the US legislation.

According to Ref. [111]’s Annual Energy Outlook 2022, the renew-
able share in electricity generation will expand from 21% in 2020 to
44% in 2050 and solar energy will account for more than half of total
renewable energy generation in 2050. On the other hand [112], has
projected that the renewable share in electricity generation will rise to
42% in 2050. These differentials in energy consumption projections
occur mainly because of energy policy adjustments and updates. For
instance, the Consolidated Appropriations Act of 2021, updates the ITC

862

known as a mother wavelet and W(t) localized in both space and fre-
quency domains, is used to form a family of wavelets [21,22,115]. The
continuous version of the wavelet transform conducted in different
fields such as economics, finance, medicine, and engineering provides
the opportunity to create a time-frequency representation of a signal by
offering a very good time and frequency localization [116]. The
continuous wavelet transform provides a method for monitoring and
analyzing characteristics of signals that are dependent on time and scale
[117]. At the same time, the continuous wavelet transform partitions the
spatial series into continuous scales and locations by interpolating be-
tween them. Also, it preserves all the information in the original data
series, thereby giving us the possibility of gaining insight into the orig-
inal data [118,119]. The continuous wavelet transform gives the
wavelet coefficients as the output [120].
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Table 4

Descriptive statistics.
Descriptive statistics Hydro Geo Solar CO, 1P IPMAN
Mean 230,375 15,673 24,580 453,504 89,275 88,882
Std. Dev. 45,415 1915 37,173 42,182 13,067 14,318
Kurtosis -0,322 1027 4709 0,051 —0,394 —-0,291
Skewness 0,462 -0,818 2245 0,084 —0,954 -1032
Min 145,715 8603 2935 305,074 60,438 56,660
Max 357,387 19,182 199,707 560,770 104,258 106,474
N 390 390 390 390 390 390

1000
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400
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TR AR 8802280558888 882 038855828 88Y
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AR R b B B R e R N Rk ke Rk b R R g,
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CHCS5Ng05 4055458543335 53590555058590855955995%
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ssssssgsss8385853588358855855855583358858888388883
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Fig. 1. Trends of variables from 1990:1 to 2022:6.
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Source: [113].

Basically, the wavelet function W) (t) is commonly defined as fol-

7 () (%) 4 o)

lows;

Wylab)0 =

In Eq. (1) the asterisk (*) represents complex conjugation, and, ¢*
stands for conjugated mother wavelet. The term % is used to conserve
the norm. The parameter a (scaled) checks the width of the wavelet and
represents the position of the wavelet in the frequency domain. This
parameter ensures to compresses or to expands the wavelet to catch
cycles or trends in different frequencies, as well. The term b is the
location parameter that checks the location of the wavelet and indicates
the position of the wavelet in the time domain.

The Morlet wavelet transform employed in the analysis of the study
is a typical formalization of the continuous wavelet transform technique
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[121]. The Morlet wavelet transform presented by Morlet et al. [122]
has both imaginary and real parts, thus providing the advantage of
performing both phase and amplitude analysis simultaneously. The
wavelet function W) for Morlet can be expressed as in Eq (2).

. -2
W, (1) = m-temoneE @

In Eq. (2), n is dimensionless time and wy is dimensionless frequency.
Choosing wy, = 6.0, the wavelet scale simplifies the interpretation of the
wavelet analysis. This value is approximately equal to the Fourier period
(Congraria and Soares, 2011; [123].

To diagnose the interaction between two-time series, wavelet
coherence needs to be defined. Therefore, first of all, the cross-wavelet
transform and the cross-wavelet power should be explained explicitly
[124]. The cross wavelet transform of two time series of x(t) and y(t) can
be formulated as follows:

Wy (a,b) =W,(a, b)Wy*(a7 b) 3)

where Wy(a,b) and W, (a,b) are continuous wavelet transforms of x(t)
and y(t), respectively. The cross-wavelet power reveals the areas in the
time-frequency space where the time series show a high common power.
It represents the local covariance between the time series at each scale
[125]. The cross-wavelet power can be computed using the
cross-wavelet transform as |3y (a,b)|:

Sm(mb)—( S(Wn(a,b) ) @
\/S(W(a,6))S(Wy(a, b))

where J,, stands for the correlation, and parameter a ranges from
“strong consistency” to “zero coherency” in both the time and frequency
domains. The S represents the smoothing parameter. The phase differ-
ence analysis detects the phase correlations between components (e.g.,
the correlation direction and lead or lag relations). The phase difference

90 95 00 05

Fig. 3. Wavelet coherence (Solar, CO5)
(The thick black curves show the cone of influences considering the border
distortions).
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Fig. 6. Partial wavelet coherence (Solar, CO;|/Geo, Hydro, IP)
(The thick black curves show the cone of influences considering the border
distortions).
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90 95 00 05 10 15 20 22

Fig. 9. Partial wavelet coherence (Solar, CO5|/Geo, Hydro, MANIP)
(The thick black curves show the cone of influences considering the border
distortions).

(withAxy € [—, #]) among time series x(t) and y(t) can be described as
given in Eq. (5).

Ay = arctan : {§ (ny (a, b)) }

—aron G e A))

where (1) and R(Ay,) denote the imaginary and real parts of the
smooth power spectrum, respectively. Also, the lead-lag relationship
between the time series of x(t) and y(t) is illustrated in Fig. 2.

()

4. Empirical results and discussion

In this paper, the nexus between solar energy consumption (Solar)
and total energy-related COy emissions (CO3) in the USA economy is
investigated by Morlet wavelet analysis for the period 1990:1-2022:6.
Geothermal energy consumption (Geo), hydroelectric power consump-
tion (Hydro), industrial production index (IP), and manufacturing in-
dustrial production (MANIP) variables are included as control variables
in the analysis.

Fig. 3, Fig. 4, and Fig. 5 reveal the wavelet coherency analysis results
of the relationship between solar energy use and CO, emission. The
association between the variables, however, cannot be explicitly moni-
tored through the figures. Partial wavelet coherence computations
provide clearer co-movements by employing some control variables.

Fig. 6, Fig. 7, and Fig. 8 yield the outcomes of the partial wavelet
coherence analysis for lead-lag relations (causality) of solar and CO5
emission through the control variables (Geo, Hydro, and IP) employed in
the model.

When Fig 6, and Fig 7 are considered simultaneously.

There is a positive correlation between the variables in the period
1999:1-1999:12. The increase in solar energy usage is accompanied
by an increase in CO3 emissions.

e There exists a positive correlation between the variables in the
1994:4-1994:12; 1995:4-1996:8; 1997:4-1998:12; 2005:3-2008:12,
and 2012:1-2021:12 periods. As the variable CO; leads the variable
solar energy (and, as the solar energy variable is lagging), the increase
in CO, emissions is accompanied by an increase in the consumption of
solar energy.

e There is a negative correlation between variables in the period

1991:1-1994:3; 1997:1-1997:3, and 2011:1-2011:12. As solar en-

ergy is the leading variable (and, as the variable of CO, emissions is a
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lagging variable), a reduction in CO» emissions is associated with an
increase in the use of solar energy.’

Therefore, one can claim that the emission-reducing effect of solar
energy is limited in the 1-4 frequency range. This reducing impact ap-
pears only in the first half of the 1990s and at the beginning of the 2010s.

When Fig. 6, and Fig.8 are evaluated simultaneously.

e In the period 2014:11-2022:1, there is a negative correlation be-
tween the variables, and the solar energy variable leads the CO,
emissions series. The reducing direction in CO5 emissions accom-
panies the increasing movement in solar energy consumption.

Figs. 9, Fig 10, and Fig. 11 consider the potential co-movements
between solar energy and CO; emissions through partial wavelet
coherence and frequency band analysis with the control variables of
Geo, Hydro, and MANIP.

e Fig. 9, and Fig. 10 yield that there is a negative correlation between
variables in the period 1991:1-1994:8; 2011:1-2011:12, and
2018:6-2020:12. The increase in the use of solar energy is associated
with a reduction in CO, emissions.

e Figs. 9, and Fig. 11, on the other hand, underline that the reducing
effect of solar energy use on carbon emissions is observed in a wider
time interval.?

In the period 2014:1-2022:1, as solar energy is leading and CO,
emissions are lagging variables, there appears a negative association
between these time series. The reducing movement in CO5 emissions
accompanies the increasing direction in solar energy usage for the
period 2014:1-2022:1.

In short, the empirical finding indicates a negative impact of solar
energy consumption on carbon emissions in the long run. According to
wavelet analysis results, Figs. 6 and 9 and Fig. 8 and 11 visualize the

1 Besides the wavelet coherency computations, we performed also the
robustness check through wavelet-Monte Carlo simulations with 500 and 1000
replications. The results confirmed the main outputs of wavelet coherency
computations given in Figs. 4 and 5 (Please see Figures A1-A1.1 and A2- A2.1 in
Appendix).

2 Besides the wavelet coherency computation, we performed also to robust-
ness check of the Monte Carlo simulations with 500, and 1000 random error
samples. The results confirmed the very minor differences (Please see
Figures A1-A1.2 and A2- A2.2 in Appendix).
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partial wavelet coherencies and their phase difference diagrams for 5-8
years of cycles, respectively. Partial wavelet coherencies that are
depicted in Figs. 6 and 9 show that solar energy consumption and CO4
emissions become more coherent (intense magenta-colored areas) after
2014 in lower frequencies of 5-8 years. This date, 2014, coincides with
the design, discussion, and ratification period of the Renew300 Federal
Renewable Energy Target Act of 2015 in 2014. This regulation sets a
target of achieving 300 MW of renewable energy installments in feder-
ally assisted housing by 2020. Due to the nature of the act, which aims to
construct on-site generation on federally subsidized roofs, solar power
energy investments would be at the center of the program. Moreover,
the Solar America Act of 2006 and the Solar America Initiative Act of
2009 mainly aimed at supporting research and development projects
that maintain cost-reduction, technological progress, and integration
into power markets to alter solar energy more competitive (IEA,2021).
The common objective of these regulations is to diminish the ecological
footprint of initial solar installments and reduce the long-run average
cost of solar power to less than 5 cents/kWh by 2015. Since the year
2014 can be a probable candidate for a structural change in the rela-
tionship between solar energy consumption and CO» emissions, there
exist high coherency areas in partial wavelet spectrums as well as a shift
in phase difference diagrams after 2014.

On the other hand, prior to 2014, there is a positive CO5 emission-
leading relationship between solar energy consumption and CO2 emis-
sion at lower frequencies (5-8 year frequencies). As an emerging energy
technology in the 1990s and 2000s, solar energy investment decisions
did likely arise depending on environmental degradation and its ex-
pected negative outcomes [101]. found that CO2 emission causes solar
energy consumption in India, where its solar energy market is devel-
oping and is similar to the USA renewable energy market in the 1990s.
According to studies that employ quantile analysis, solar energy con-
sumption significantly reduces CO5 emissions in higher quantiles of CO5
emissions or more developed renewable technology economies (Chien
et al., 2021; [7]. Analogous to Refs. [93,101] state that solar energy
consumption reduces CO, emissions in the USA and other developed
countries except for Spain and India. These results support the structural
shift in the US solar energy consumption and CO» emissions nexus at
lower frequencies of investment in 2014.

At higher frequencies of 1-4 years (short/middle term), during the
observed time intervals from 1994 to 1998, from 2005 to 2008, and from
2012 to 2021, partial wavelet coherencies and related phase differences
imply that CO, emissions and solar energy consumption are positively
coherent in the USA. This implies that CO, emissions, namely environ-
mental concerns, support solar energy consumption, however, solar
energy shocks do not affect CO, emissions in the short run. Increases in
solar energy consumption were followed by mitigation in CO2 emissions
in the long run (5-8 frequency band) after 2014.

5. Conclusion and policy recommendations

Global warming is among the top challenges for policymakers and
governments across the globe. It has destroyed the ecosystem and
threatened sustainable human survival on the earth. Literature records
that recent spells of economic growth have spurred carbon emissions
and hence global warming through the excessive consumption of fossil
fuels. Therefore, it is crucial to switch from fossil fuels to renewable
energy sources [126-130]. Considering the significance of climate
change mitigation, the study has examined the influence of solar energy
consumption on total energy-related CO, emissions in the USA during
the monthly period 1990:1-2022:6 by using wavelet coherence analysis
and partial wavelet transform analysis.

Solar energy consumption and CO2 emissions have become more
coherent after 2014 in the lower frequencies. An increase in solar energy
usage was followed by a reduction in CO2 emissions in the long run at
the 5-8 year cycle period after 2014. This date, 2014, coincides with the
design, discussion, and ratification period of the Renew300 Federal
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Renewable Energy Target Act of 2015 in 2014 which was aimed at
achieving 300 MW of renewable energy installments by 2020 to
diminish the ecological footprint of initial solar installments. Hence the
year 2014 probably indicates the structural change in the relationship
between solar energy consumption and CO, emissions. Before 2014,
there exist a positive CO, emission-leading relationship between solar
energy consumption and CO; emission at lower frequencies (5-8 years
frequencies). As an emerging energy technology in the 1990s and 2000s,
solar energy investment decisions induced environmental degradation.

Considering the empirical findings of the study, some policy rec-
ommendations are offered. As the consumption of solar energy has a
positive influence on environmental quality. Hence it is desirable to
boost the share of solar energy and other renewables to reduce the
reliance on fossil fuels and safeguard environmental quality. To achieve
this milestone, comprehensive, coordinated, and continuous efforts are
required at all levels. For instance, policymakers and governments can
introduce a stick-and-carrot policy by incentivizing investments in
photovoltaic (PV) solar power systems and other renewables by
providing tax exemptions, subsidies, and access to easy credit. At the
micro level, homeowners and small enterprises should be provided easy
loans and subsidies to install photovoltaic (PV) solar systems to restrict
the usage of fossil fuel energy. On the other hand, governments might
discourage the excessive production of fossil fuels by imposing envi-
ronmental taxes and by withdrawing the incentives available to
emission-led industries and sectors. Besides governments should prior-
itize investments in green research and development to boost
environment-friendly inventions and innovations. Lastly, it is necessary
to aware and educate the masses regarding the repercussions of
emission-led climate change and global warming. Because the public is

Appendix
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the ultimate sufferer of global warming. Besides they can curtail carbon
emissions by boycotting the consumption of goods and services coming
from industries that are destroying the environment.

The current research has some limitations. For instance, it in-
vestigates the linkage between solar energy and CO, emissions which
are the major source of climate change, Due to the need for high-
frequent data (i.e. weekly, monthly), this paper launched the monthly
data for solar energy and CO5 emissions and other control variables in
the US. For comparison purposes, there is a need for high-frequent data
for other developed and/or developing countries/regions, as well.
Future works might consider monitoring the association between solar
energy and CO, emissions for, i.e., European and/or Asian countries.

Future studies might also assess the influence of solar energy con-
sumption on the emissions of other greenhouse gases like chlorofluo-
rocarbons (CFCs), methane (CH,4), and Nitrous oxide (N30O). Future
researchers might consider, as well, the influence of green technology,
green financing, and consumption of other renewables, such as wind and
biofuels, on environmental quality for the panel of advanced countries.
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Fig. A1. Wavelet coherency (Solar, CO5) by performing Monte Carlo simulations with 500 replications [p = 1; q = 1].
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Fig. A1.1. Wavelet coherency (Solar, CO2 ||Geo, Hydro,IP) by performing Monte Carlo simulations with 500 replications [p = 1; q = 1].

Period

90 95 00 05 10 15 20 22
Fig. A1.2. Wavelet coherency (Solar, CO2 ||Geo, Hydro, MANIP) by performing Monte Carlo simulations with 500 replications [p = 1; q = 1].
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Fig. A2. Wavelet coherency (Solar, CO2) by performing Monte Carlo simulations with 1000 replications [p = 1; q = 1].
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Fig. A2.1. Wavelet coherency (Solar, CO2|/Geo, Hydro, IP) by performing Monte Carlo simulations with 1000 replications [p = 1; q = 1].
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