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The energy sector accounts for about two-thirds of all human-related greenhouse gas (GHG) emissions due to the reliance on
fossil-based fuels. This is a significant concern as it can have dire consequences on the survival of humankind and disrupt
other natural processes. The research indicated that some mitigation measures to curb GHG emissions are to increase energy
from low-carbon sources such as nuclear. However, due to the continuous adverse climate change impact, a comprehensive
systematic review of research in this area must be conducted to inform policy practice and future studies. This study attempts
to address this gap by mapping the global reflections on the potential of nuclear technology to mitigate GHG through a
bibliometric review process. A total of 741 studies were retrieved from the Scopus database and a few from Google Scholar,
spanning from 1962 to 2022, and analyzed using a science mapping tool—VOSviewer. The study confirmed that fossil fuels are
a significant source of greenhouse gas emissions and contributor to greenhouse emissions. Those authors concluded that
promoting clean and alternative energy sources to fossil fuels would help reduce carbon emissions. Although renewable energy
has proven to be very efficient among pollution and climate change mitigation sources, nuclear energy is the most dependable
option for meeting national and regional CO, emission targets while meeting energy supply needs. The bibliometric analysis
with VOSviewer suggested that only five African countries, including Ghana, have contributed to the research area with
limited collaboration. As a result, it calls for stakeholders to make informed decisions to invest resources in research to address
the challenge on the continent. The MESSAGE planning model is recommended for the study.

1. Introduction growth. Global demand for primary energy has doubled in

the previous 40 years, increasing at 2%-3% each year [6].

Energy security and sustainability of the environment remain
a concern to socioeconomic growth and the rapidly accelerat-
ing climate change in the world [1-5]. Energy security is one
of the significant factors to ensure a country’s long-term

Energy consumption is expanding faster than ever, particu-
larly in developing countries, making energy security an essen-
tial component of national security. Energy security is also a
significant component and source of interdependence in
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international relations [7, 8]. Energy security entails constant
access to various energy resources in adequate quantities and
at affordable costs, considering environmental and societal
factors [9, 10].

Energy security guarantees uninterrupted availability of
energy resource supply in a sustainable and timely manner,
with energy prices at a level that does not adversely affect
the economic performance of the economy [11, 12]. The
classical approach to evaluating key energy resource param-
eters concerning energy security are availability, accessibil-
ity, cost, and acceptability [13]. Energy resource availability
and affordability are more important in terms of impact on
other aspects of energy security [14]. The primary energy
security elements typically included in the definition of the
term are resource nationalism, diversification of energy
sources in the energy mix, and secure supplies of affordable
energy resources [15, 16]. Also, other elements considered in
the energy security definition are safe transportation (tran-
sit) of energy and fuel, as well as the corresponding infra-
structure, prospective geopolitical and market changes, and
threats that are caused by or have an impact on the energy
supply chain [16].

There are about ten main challenges hindering energy
security globally. These are decarbonizing the global econ-
omy, improving energy efficiency and energy savings in
buildings, advancing energy technologies, transitioning to
energy systems based on variable renewables, electrifying
transportation and some industrial processes, liberalizing
and extending energy markets, integrating energy sectors
into smart energy systems, making cities and communities
smart, and diversifying energy sources [17]. Other security
risks are terrorism and fraud in nuclear waste management
and generating nuclear power [18].

The focus on ensuring energy security has increased
energy generation, consequently increasing CO, emissions.
Energy-related CO, emissions reached a record high of
36.6 billion tonnes in 2021 [19, 20]. An increase in energy
demand is unavoidable as the world population grows, econ-
omies develop, and people’s quality of life improves [6].

Human emissions of carbon dioxide and other green-
house gases are the leading cause of climate change and
one of the most significant challenges confronting the world.
This correlation between global temperatures and green-
house gas concentrations, mainly CO,, has existed through-
out Earth’s history [21-23]. The energy industry must
drastically reduce greenhouse gas (GHG) emissions to limit
climate change. This will necessitate a significant energy sec-
tor restructuring, with a transition from fossil to carbon-free
energies. Electrification will be a critical enabler of the sus-
tainable energy revolution [6].

Sustainable development of the electricity industry is
both a prerequisite and a result of economic progress. It is
based on the appropriate management of all risks caused
by the uncertainty of the external environment, which is
impractical to achieve without ensuring long-term operation
[11]. Electricity generation has been a major contributor to
global greenhouse gas emissions in the energy sector as its
demand is fast rising [24]. The overreliance on rich carbon
sources for energy use applications adversely impacts cli-
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mate change, which is increasing rapidly with only a mini-
mal chance of avoiding the worst environmental and
socioeconomic impacts [1]. Concerns about the impact of
GHG emissions from electricity generation on climate
change have prompted countries worldwide to search for
low-carbon energy sources and limit their dependency on
conventional fossil fuels [25].

The detrimental effects of climate change have been
expressed in international strategic documents such as the
Kyoto Protocol and the current Paris Agreement, which
most world leaders have adopted as expressions of commit-
ment to a global drive to reduce CO, emissions [26, 27]. The
Paris Accord prompted the EU to reconsider its aims of dec-
arbonization and energy transformation since energy issues
are inextricably related to the climate agenda [26, 28]. The
evidence for relating the energy and climate agendas is based
on several studies and extensive research by Intergovern-
mental Panel on Climate Change (IPCC) climatologists.
The IPCC cautioned that if CO, emission risk does not peak
in 2025 and significantly decreases in the next decade,
attaining a temperature rise of 1.5°C (compared to preindus-
trial levels) will be put at risk by the end of the millennium.
If no mitigation measures are adopted, the effects of global
warming will be exacerbated, some of which will be perma-
nent [21, 22, 26, 29].

The global average surface temperature has risen by
around 1.1°C during the preindustrial period of 1850-1900,
increasing the frequency and intensity of climate change
worldwide [1]. To prevent global temperature rise, the sup-
ply of electricity from clean energy sources must double in
the next eight years; otherwise, there is a risk that climate
change, more extreme weather, and water stress may weaken
our energy security and even jeopardize renewable energy
supply [30].

Rapid global awareness of the effect of climate change
has compelled nations to implement a variety of CO, reduc-
tion policies and set goals to reduce emissions both locally
and globally while optimizing power generation sources
[31-35]. To address the challenges of energy security and
climate change, the world must transition away from fossil
fuels, which requires global CO, emissions to peak by 2025
and reach net zero by 2050. If the world is to thrive in the
twenty-first century, switching to nuclear and renewable
energy sources like solar, wind, and hydropower is essential.
With the accelerated rate of climate change and the aim to
achieve net zero by 2050, the electricity supply from low-
emission sources must be doubled within the next eight
years [30].

Unfortunately, the present rate of CO, emissions is still
incompatible with the Paris Agreement’s aims [36]. The
empirical studies on 39 European countries from 1980 to
2019 demonstrate that increasing the share of renewable,
nuclear, and other nonhydrocarbon energy and promoting
energy efficiency could significantly reduce GHG emissions
[1]. Furthermore, a study on energy structure and energy
security under climate mitigation scenarios in China indi-
cates that the country needs to switch its energy mix from
being dominated by fossil fuels to renewable and nuclear
sources to reduce greenhouse gas emissions. These structural
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changes will increase energy security by increasing energy
self-sufficiency. Ultimately, developing low-carbon energy
infrastructure improves energy security, enhances the econ-
omy, and inadvertently mitigates climate change [37]. The
growing concerns about the accelerated rate of climate
change and constrained global power supplies have made
some policymakers consider nuclear energy, an industry that
has struggled for years to attract investment due to concerns
about radioactive waste, safety, and the high cost of instal-
ling a reactor [38]. To reach carbon neutrality and limit
global warming to 1.5°C while addressing energy security
risks and sustainability concerns, power sector investment
must be increased and directed towards cleaner, more sus-
tainable technologies that promote climate change mitiga-
tion and adaptation, especially nuclear energy [39, 40].

Decarbonization of electricity generation has garnered
much attention, with nuclear considered an important option
to provide a steady electricity supply while curbing greenhouse
gas emissions and mitigating climate change [41-43].

Nuclear power is one of the energy sources and technol-
ogies currently available to assist in meeting this desire for
expansion in a climate-friendly manner. Nuclear power pro-
duces only a few grammes of GHGs over its life cycle: a
median value of 14.9g CO,-eq/kWh was obtained based
on more than 200 unique estimates (for light water reactors)
reported in the literature. The majority of nuclear-related
GHG emissions come from the building phase’s cement pro-
duction, material production, and component manufacture,
although emissions are also influenced by the carbon inten-
sity of electricity supply and enrichment technologies in the
uranium enrichment phase [44, 45].

The International Energy Agency predicted that by 2050,
nuclear power will account for 15% of all annual greenhouse
gas reductions. It estimates nuclear power’s CO, emission
coeflicient across its life cycle to be 12tCO,/GWh, a 40-
fold reduction from liquefied natural gas’s emission coeffi-
cient of 490 tCO,/GWh, and a 68-fold reduction from coal’s
emission coefficient of 820tCO,/GWh [46]. The Interna-
tional Atomic Energy Agency (IAEA) highlights nuclear
power’s importance in promoting sustainable development
and reducing CO, emissions in underdeveloped countries
[47]. TAEA expands on nuclear power’s contribution to
CO,, reduction by demonstrating that from 1970 to 2013,
hydropower prevented 87 GtCO,, nuclear power avoided
66 GtCO,, and other renewables avoided 10 GtCO, [44, 48].

The World Nuclear Association has asserted that despite
the ill fame of the Chernobyl and Fukushima disaster,
nuclear power has generated reliable, economical, and
carbon-free electricity in the last 60 years [49]. Kim et al.’s
research on public risks and environmental hazards of
nuclear reactors in Korea concluded that nuclear power
plants play a significant role in maintaining a healthy envi-
ronment, improving air quality, and mitigating climate
change aside from their capacity to serve as the baseload
for electricity generation [50]. Based on historical data from
Sweden and France, it is asserted that replacing fossil fuel
electricity with nuclear within four decades is technically
viable to achieve the high greenhouse gas reduction targets.
At the United Nations Climate Change Conference

(COP27) in 2022, nuclear energy was acknowledged to sub-
stantially impact climate mitigation by keeping global warm-
ing to 1.5°C and reducing temperatures below 2°C [39, 40].
As part of a bigger goal to decarbonize the economy, the
United States (US) has already set aside billions of dollars
to keep current nuclear power facilities operational and
plans to promote new initiatives. Although Russia’s invasion
of Ukraine’s nuclear power plant at Zaporizhzhia has height-
ened concerns about nuclear safety, according to Rafael
Grossi, President of the IAEA, security concerns in Ukraine
should not deter countries from constructing nuclear power
plants [38].

According to the UN Environment Programme (UNEP),
unless immediate and systemic transformation occurs, there
are presently no reliable ways to limit global temperature to
about 1.5°C and slow global warming, hence a call for seri-
ous inclusion of nuclear energy in electricity generation
globally. Numerous studies have indicated that global
nuclear energy development exhibited nonlinear fluctuating
growth, especially after Japan’s Fukushima nuclear power
plant accident. However, in recent years, as the international
situation has changed towards clean, sustainable energy and
the call to curb climate change impact, nuclear power may
once again become a new energy generation technology
heavily encouraged by governments. For instance, in line
with the global concern towards energy security and ways
to curb greenhouse gas emissions, in February 2022, the
European Parliament enacted a new green energy invest-
ment programme that includes nuclear power in the green
power category, designating qualified nuclear power invest-
ments as “green investments” [51]. Also, the US has rejoined
the Paris Agreement, bolstering international alliances that
are critical to addressing the climate catastrophe on a global
scale. The US has set an ambitious domestic goal of reducing
greenhouse gas emissions by 50 to 52% from 2005 levels by
2030, pushing governments worldwide to make their firm
commitments with nuclear power as one of the primary
energy sources to explore [52]. This suggests that the global
development of nuclear power will enter a new period of
growth.

In the past decade, Ghana has made significant progress
in increasing the electricity generation access rate to 84%
[53]. However, its environmental performance still needs
to be determined. The electricity expansion policy and
energy security concerns have shifted from hydro to ther-
mal. In 2021, thermal power accounted for about 65.3% of
the country’s energy generation, while hydropower contrib-
uted 34.1% and other renewable energy made up the per-
centage [53]. In the quest to reform the country’s energy
sector to meet its power demand while reducing carbon
dioxide emissions, Ghana has taken the initiative to develop
its first nuclear power programme to be included in the gen-
eration of electricity and to serve a clean baseload energy
source to support the nation’s industrialization strategy
[53-56]. According to the [39, 40] report, Ghana has identi-
fied nuclear power as critical to the country’s energy trans-
formation plan. It has included it in its electricity
generation mix as well as the 2020 National Determined
Contribution (NDC) to the UN framework on climate



change [39, 40]. Although insightful and qualitative, the ear-
lier review studies had certain drawbacks. Most review stud-
ies have had narrow perspectives, focusing only on country-
specific. Furthermore, the review publications have concen-
trated on countries with nuclear energy, leaving out
nuclear-developing countries. Several studies on nuclear
activities have been conducted over the last six decades. In
the previous six decades, several research has been done on
nuclear activities in Ghana [57]; however, since this is Gha-
na’s first nuclear energy power programme, only a few stud-
ies on emissions from energy generation and its impact on
climate change have been conducted [58].

In an attempt to address the limitations of the previous
review studies, this study provides a comprehensive system-
atic review and bibliometric analysis from the Scopus data-
base and a few from Google Scholar to explore the
opportunity offered by nuclear energy technology on energy
security and GHG emission reduction for emerging coun-
tries on the field of the research work [59, 60].

This study intends to map knowledge on nuclear energy
to guide developing countries in energy analysis, planning,
management, and policy development towards energy secu-
rity and decarbonization. The research reduces the knowl-
edge gap between potential emerging nuclear energy
countries and countries with nuclear energy. The study adds
value to the literature on nuclear energy generation and
greenhouse gas emission reduction renaissance by under-
standing the trends and patterns, identifying main research
interests, and links amongst countries, authors, and
researchers. To gain a broad understanding of the scope of
the work done on nuclear energy for mitigating climate
change, the study intends to map the current knowledge
on the contribution of nuclear energy in repower greenhouse
gas (GHG) emissions from a comprehensive database.

The following objectives guide this research: (1) to iden-
tify existing literature on the contribution of nuclear energy
in the decarbonization of emissions from the electricity gen-
eration sector, (2) to synthesize research knowledge on the
contribution of nuclear energy development in the decarbo-
nization of the electricity sector to guide future studies, (3) to
evaluate the contribution of researchers to the study, and (4)
to identify current research collaborations on the subject
among countries the topic under study.

2. Materials and Methods

Considering existing literature and identifying the gap in
knowledge that empirical study addresses, various methods
such as scoping review, rapid review, narrative review,
meta-analysis and mixed studies could be used for the liter-
ature review [61]. In this research, a systematic scoping liter-
ature review and bibliometric analysis were undertaken by
choosing articles indexed by the Scopus database and Google
Scholar because of the advantages it offers over the other
review methods [62, 63]. Considering a large number of arti-
cles, the advanced Boolean search defined the field of inter-
est. This enabled tracking how the research has evolved
and altered over the years [64]. The systematic scoping liter-
ature review was used to evaluate the potential contribution
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of nuclear energy in reducing greenhouse gas (GHG) emis-
sions because it can reduce bias in the selection of literature
for the review and allow transparency in the approach. The
search strategy improves the review’s replicability. It is fre-
quently more helpful than the results of a single study as
its opportunity allows researchers to know what is already
known and what is still unknown about a subject [65]. The
approach varies and is typically particular to the type of
study, including investigations of effectiveness, qualitative
research, economic evaluation, and the prevalence of an
activity. The procedure is thorough enough to ensure consis-
tency in research findings and is generalizable across con-
texts and groups [66].

Unlike the systematic scoping review, rapid reviews are
less comprehensive and more prone to bias than systematic
and scoping reviews [63]. Also, the advantage of systematic
reviews over narrative reviews is that they are based on the
results of comprehensive and systematic literature searches
in all available resources, with minimal selection bias and
no subjective selection bias. In contrast, if written by experts
in a specific research area, narrative reviews can provide
experts with intuitive, experiential, and explicit perspectives
on particular topics [67]. Also, while with systematic review
data extraction and synthesis guidelines are based on
PRISMA, in narrative review, the overall description of each
study focuses mainly on studies that the authors select [68].

Furthermore, the advantage of systematic reviews over
narrative reviews is that they are based on the results of com-
prehensive and systematic literature searches in all available
resources, with minimal selection bias and no subjective
selection bias. In contrast, if written by experts in a specific
research area, narrative reviews can provide experts with
intuitive, experiential, and explicit perspectives on particular
topics [67]. Also, while with systematic review data extrac-
tion and synthesis guidelines are based on PRISMA, in
narrative review, the overall description of each study
focuses mainly on studies that the authors select [68].

The Preferred Reporting Items for Systematic Reviews and
Meta-Analysis Extension for Scoping Reviews (PRISMA-ScR)
was utilized to accomplish study objectives 1 and 2. PRISMA-
ScR is a method for synthesizing information that uses a step-
by-step process to identify ideas, resources, and knowledge
gaps while providing evidence on a research issue [62, 63,
69]. A random sample of review articles published from
1962 to 2022 was used for the analysis; however, conference
proceedings were not included. The search was limited to
peer-reviewed journal papers written in English. The articles
considered had quality content with a nexus among energy,
GHG emissions, nuclear power, and climate change.

2.1. Identifying Electronic Databases and Eligibility Criteria.
Although the database of these publishers has a strict docu-
ment indexing process, bibliometric information is easy to
retrieve and analyze. Moreover, these databases possess
quality, resilience, and a sizable amount of data that can also
be found in other databases [70, 71]. For further processing
in Microsoft Office Excel, the search results were exported as
comma-separated values (.csv) files for analysis. Table 1 pro-
vides a summary of the inclusion and exclusion criteria.
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TaBLE 1: Document qualification criteria.

Participation necessities
Articles published in English
Selected period 1962 to 2022

The research focused on electricity, nuclear energy, greenhouse
gas emissions, and mitigation

Types of documents are articles, conference papers, reviews, and
book chapters

Studies focused on the contribution of nuclear energy in reducing
GHG emissions from electricity generation

Exemption criteria

Studies that do not relate to nuclear energy development and
GHG emissions

Articles without access to the full text

Articles without clear linkage to electricity, greenhouse emissions,
and nuclear energy

Duplicate entry

Articles with missing bibliometric data

2.2. Article Screening and Selection. For the preliminary
search, the article title, abstract, and keywords in the field
of study were used within the advanced search tool of the
Scopus database website (http://www.scopus.com/). An
exhaustive list of iterative constructed key phrases and
words such as electricity, energy, greenhouse gas, emissions,
nuclear energy, mitigation, and reduce was coupled employ-
ing Boolean logic. The Scopus database was searched using
simple and advanced Boolean logic concepts. It was then fil-
tered to obtain as many articles as possible relevant to the
research objectives [72]. The search result was filtered
according to publication year, subject area, document type,
and source type and restricted to English language peer-
reviewed journals and articles.

The strings and keywords used for the simple Boolean
query and advanced Boolean query search in the Scopus data-
base initially unveiled 1486 articles. The percentage of articles
in each category of the search subject area summarized in
Figure 1 provides further information on the interest and vol-
ume of research contributions to electricity generation sources
and their GHG emission. The extracted data were classified
into subtitle categories using the document title and abstract
to help understand the study trend. The categorization reveals
that most publications were in energy, engineering, and envi-
ronment, with a combined percentage of 73.5%. After limiting
the search to energy, engineering, environmental science, and
journals in English only, the remaining articles were 741.

2.3. Bibliometric Analysis. For objectives 3 and 4, a biblio-
metric analysis was utilized to analyze knowledge domains,
collaborations, and prospective future research trends. Some
tools used for bibliometric analysis include CiteSpace, Sci2,
RStudio, BibExcel, and Netdraw. However, the VOSviewer
software tool, which is used to assess and illustrate the con-
tributions of scientists to research, was employed to conduct
the bibliometric mapping or network analysis [69, 73]. Com-
pared to other bibliometric analyses, the VOSviewer gives
special consideration to the graphical portrayal of bibliomet-

ric maps, compared to most computer programmes used for
bibliometric mapping [74]. The software makes it possible to
create, view, and evaluate bibliometric networks for research
writers, journals, organizations, and individual publications
and generate network diagrams of related keywords gleaned
from research paper abstracts and main text. These networks
can be viewed using VOSviewer at rates and scales achiev-
able only with manual techniques or antiquated software
tools. These mappings are built through citation, biblio-
graphic coupling, cocitation, or coauthorship relationships
of journals, researchers, and articles [75]. For the study, the
scoping review framework initially developed by Arksey
and O’Malley was adopted [76].

3. Results and Discussions

The study’s results are presented in this section, and conclu-
sions are drawn to enhance knowledge of the topic using
scoping and bibliometric techniques. Also, a systematic
review was undertaken to analyze various research findings
based on the scoping review data of the study area.

3.1. Scoping Review. The titles and abstracts of the retrieved
articles were reviewed, and the area of research was limited
to energy, engineering, and environment to ascertain their
eligibility before reviewing the published articles’ complete
content. The search articles were then reduced to 741. The
full text of every article that might have qualified was later
reviewed, as shown in Figure 2, to determine whether they
should be included. In sorting out the required pieces from
the bibliometric data, 386 papers were initially excluded.
Although the articles were on energy applications and
related emissions, they were unrelated to electricity genera-
tion. In all, seventy-five articles met the requirement listed
in the full-text screening criterion. However, only 19 publi-
cations out of the 75 qualified articles were assessed since
they had full-text screening.

3.1.1. Data Charting. The following stage of the study
involved “charting” relevant data that matched the eligibility
criteria [76]. The charting format includes author(s), the
article’s title, publication year, first author’s nation, study
objective(s), methodology, and results/findings. Using
Microsoft Excel, the data was charted and extrapolated into
a data charting format to form the basis for the analysis.
The articles studied are summarized in Table 2.

3.2. Systematic Literature Review. The fast industrialization
and economic expansion of most nations are contributing to
increased environmental issues. Economic growth necessitates
a greater need for energy primarily from fossil fuels, which
impacts greenhouse gas (GHG) emissions [80]—a recent
study claimed that emissions depend on the kind of energy
sources used and concluded that using renewable energy
reduced emissions while using nonrenewable energy for elec-
tricity generation increased emissions. Although past studies
on the effects of low-carbon energy on environmental quality
have been conflicting, the use of fossil fuel production of elec-
tricity has been proven to have a detrimental effect on the
environment [78, 94, 95]. With the tremendous increase in
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(ii) Content out of scope of study
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(i) Full text not available online

(ii) Emissions mitigation does not
include nuclear energy.

F1GURE 2: PRISMA-ScR flowchart diagram.

global warming and climate change, economies are shifting to
ecofriendly energy alternatives and technologies, which help
to mitigate environmental pollution [80].

When evaluating carbon emissions and environmental
harm, both the energy generation mix and the carbon inten-
sity of electricity production must be considered [96, 97].
The decision on the choice of energy supply source vis-a-vis
their greenhouse gas emissions and decarbonization mitiga-
tion impact is crucial for energy planning. Table 2 summarizes
the aims and conclusions of the published journals examined
in the study. It also depicts some of the models employed in
energy planning and informs of scenarios developed in evalu-
ating the impact of nuclear energy as a mitigation source of
greenhouse gas emission reduction. Although the researchers

used different methods and models in their studies, each
research had distinct parameters of interest to analyze, span-
ning the various energy sources such as fossil fuel, renewables,
and nuclear, their greenhouse gas emission level, and their
mitigation impact on climate. Various countries and
researchers have used models such as LEAP, MESSAGE,
MARKAL, EnergyPLAN, MAED, LCA, MoMANI-OSe-
MOSYS, SIMPACTS, and WASP for energy planning to meet
demand while considering greenhouse gas reduction.

3.2.1. Energy Generation and Their GHG Emissions. The
energy industry has been one of the primary sources of
greenhouse gas (GHG) emissions mainly due to overreliance
on fossil fuels [5, 89, 98]. The energy industry causes three-



International Journal of Energy Research

“fysuajur uoqred HoH Juronpar
uaym [erond st xrw AS1oud oy
Sururroy A810u9 213 JeY) papnPOUOd
s3urpuy ay 1, ‘uononpoid Aoy
JO ID 91} $90NPaI aper) uoqIed [eqord
TaramoY {(1D) AIsusjur uoqred
3SB2IDUT S[ANJOIq 1By} PIJedIpur
Apmis a1y “aT0WLIAY}IN] "TOTEZTITII
a3uerp sjewrp pue uonnod

‘wononpoid £3o1n3ospe woiy Ajsusjur
UOISSTW UOQIEd JO $90IN0s AS10U9
SNOLIBA JO S}O9JJ9 3} d)enjeAd o) "SUOTIBU ¢9T Ul
pasn sem [opowr NIAID YL, ‘0207 03 Uonerdudd Ajoinod[e wolj (SHHD)

0007 WoJj SuoIssTwa sed asnoyuaard  sosed asnoyuaaid jo aferoae eqord 1oued feqor

aatsuaypiduwod e woxy ouspiag  [g/] Te 19

0 101 Sa0IN0S AS10Us T8 SuowE uo joedurt sa01mos AS1ous saneurae oy Sursn wonnyod uo sadoanos A310Us  eruewWIoy | UoWS1EAE UonnTod U6 S9oIn0S 190010 4
UudDd mm Sowr Y} se omﬂoEo saomos PoUHHIEX® Apmys [eorndws ue suoneu  (se§ pue [eod ‘[1o) [150J pue (jPnjorq .HEUC uuon_ g ucw % 0 9[01 3 PR
! wmmMcw . ﬁ.w muﬁw cqod e uo | 9130 Pued [eqo[3 € ssOIOY ((NJND)  PUE “TB[0S ‘PUIM ‘OIPAY) S[qemoudI PHIRI 32ULSIP 3O 9104 94 L
PULM. 998 12901 SJUSWOT JO POYJAW PIzI[eIdaudd a1} reaponu jo 1oedwr o) azAeuy
uonnyod ssonpar A310us sjqemauax : :
: . pue poyow uonjednsaaur Testdure
puE IB3[ONU JO 3SN 3Y) DIOWLISY}IN,] )
qrsusur Y} :pasn 2IOM SPOYIOUT OM],
uoqIed ur J030eJ ® pue uonnyod jo
$901N0s JURdYTUSIS 1% S[INJ [ISSOJ JeT)
ajerjue)SqNs SI0JeWMS NIND YT,
‘suoIssIud ¢ azrwrurur o) sjued
1omod paryg-sed yym syuerd eod
J0 Juauradeydal 9T} PIPUSTUI0IT (DAM) Te0d WIOIJ [eMBIPTYIIM 108pnq PIOYISNOY SITUMSTOD S T
OLIBUAIS DM Y], 'SUIISAS pue (Ny¢g) [ensn se ssaursng IS TRIUSTIIIAD St SUIADAT STUM
o3e103s pue armydeo uoqres Sundope :p1uasard 9IOM SOLIBUIS OM], 12289 [FIUSUILIIP o) SUNpat oI pue[oq ur swalsAg Junespy
§ : seod o13ayexnys wiey-guof ysidwoooe : : [22]
aIym satdojoutya) [eod ayy Surdaay "SOINIONIIS YIOMIOU UOTIRIoUST ‘ ‘ 10LISIJ PUE PLID) JOMOJ UOISSTUI]
I ‘ : ‘ : 03 puejog ur syuefd ramod puejoqd N : . oxong pue |
SPUAUITIONaT SUI[[OPOT OLIBUDDS jeay pue Ao1ndspe unnpoid 105 -MOT 0] JUBI[PY-[e0) WOIJ
. Pa11-Te0d Jo joedull [eJUSTUUOIIAUD DIS[oYse(
NVd YL ‘puefod ur uoneroudd  swaisAs £310us juswordunr pue prng o1 CaTd 01 101995 ASI5Us uonIsuel], uLd-SuoT SuIPpoN
A1) WOIJ SUOISSTUID DD 0} Pasn sem yIomdwely SurPpowr 5 owm n_w q zouw SHE: do doras
Jo 1oedur ot Suonpar ur A31ous (TVXIIVIA) UOTIEDO[[e JoNTeT Y], oS HeAun PAd
Teapnu pue 1omod pUIM 2I0TSPO JO
901 [B)1A 3Y) PA)EITPUT SUI[[OPOW YT,
Joyne
Is1y N
)t s3urpuy £o spoty1d SATIOR( o s)Ioyn
e Tpuy A9 POYRIN 122lq0 o o PLL (S)romny
Anunon

“romaurerj s L[[eIN,O pue Lasyry Sundepe maraar Surdoos Jo sjnsar pazirewwing g 419V ],



International Journal of Energy Research

'$301N0s A319U
uea pue deurd)fe dopAdp pnoys
ue)sSeq ‘pudI} UOTJRZI[RLIISNPUL
Suroduo a1y yym dn doay o,
"SUNI 3I0YS pue
Suoy oy ypoq ur Jurrdjoo [ed1307009
31} 0} SUI[ JLIJOUIWASE PIMOYS
$90IM0S A3I9UD [[e Jey) PI[edAdl
1591 prep 2y quridjooy [esrdojooe

"UOP JI9M $)$9)
JOOI JIUn S [9pou (JJ) UOL_dJ pue
sdiyd pue (IQv) Lmd-4Iq

paruswdne oy ‘sar30[ouyd2) SNOLIeA
9} JO J9pIO (3001 JIUN) pajerdajur

uridjooy TeorSofoos
s.uejsnjed Uo 1Y pue ‘A31oud
a[qemaual A31ous Teaponu Jo syoedwr
SIIOWASE I} SAUTUIeXd A[9SO[d
Apmis JUaLIND Y} “9ANI(qO SIYY 19
o], -o8ueypd djewIp pue Jururem

uelsed wWoIj
uapIag jjuridjoo] Tesrdoooq

. \A \A .
0¢ Uk Y}IM UOIOdUUO0D OLI)OUWASe MMMQMMWWM%W wwow AM ﬁmmﬂ %MH M%w [eqo[3 ur as1x a3 JuLIPPISTOd eUTYD QMMMMMOQ:MMEQWW%«N ﬁﬂ&ﬂ ¥ ¥
wi3)-1104s AQU3H[B2U © pajensuowap uu eMAUSI pUE u .wwmﬂwucu Iespnu 020T 01 0661 woy uonnyod & co.Ehohmc . ﬂm ,wmmoc a
orym ‘A31ou0 s[qemauar 10y 3dooxy 19 pue L 1 [EIUSWIUOIIAUD pUe ‘$913IDUS Te3dNU [ Hug p d
- Jo syoeduwur orjowtAse Yy ssasse ' . : s[qemoudy ‘AS1oug respnN oq
spedwr aanrsod ueyy sjuridjooy 01 ADIIS 1USLITD SUL UL DS SEM pue s[qemauar (1 YH) serdojouyay
[eo130[009 uo Joedwr UIId}-1I0YS umgw Qw M vﬁmm .QW:: st [BIUSTUUOIIAUD S Ue)SIe]
pue wa3-3uof Juedoyrudis arowr 4 oE%EWMMMSMMSE_com u&. P uoom)aq drysuonelar resuruou 9y}
e sey £So[outp?) [eJUSWUOIIAUD : } 1 L SUIUIEX? 0} SeM dA1IO(QO s Apmys YT,
pue 310U o[qemauar
romod reapnu jo uondope mof ey
pajensuowap syMsar TAYVN Y.L
"SUOISSIUID ¢())) UI 3SLIIIUT %600 ©
sasned syrodwir A315us ur asesidour 941
© ‘ToAIMOY] “A[2AT}0adsar o%(°0 pue
*SI0)JRWIISS ue 3
%20°0 JO SUOTINPAI UOISSIWd D) wEM: Mam:mmma\w/ww» m& =WMAWHMM“W *d@o Sursn sisaypodLy
ur symsar romod reapnu jo agesn ua.a movmmucwwsﬁo.ﬁ uﬂh.mu\ﬁuu (qo (DY) 2AIND S}PUZNY] [BJUSWIUOIAUD Je -
oy pue 3505 AZ1oud Ul dsearOUI ay) aaaryde 0) parpdde arom me pue oW Jo bmﬁ«: om meEwWow Te3NU 3N YOIYM SITWOU0DD
%1 © JUSIDLYI0D B St PassaIdxd USYM Dy “DINJ SIOIRTUTISI IRIPIULIANUT 01 ddD $osn ApTS o1} “0STy "Ao19UD Gui8rows 13310dwr A815us [6£]
1 ; AN © Teapnu ym satnunod Jurdopasp Aoy, : . C I
syrodwr £310ua sendoadde oy, "6107 03 01 1 SuOISSId 200y poIoope WO} 9OUIPIAY :SUOISSIWD QD) uo  nigowreN
BuSH W 5095001 SO gy OG6T WOY SAWOUD BUSKE U1 108 g 5y by sysodan Aaows svodun fious pus saoud iFioua
‘suotssTwa ‘0D dziwrurw uonerdusgd Y mﬁ g paseq ad [ AN 4319U5 IESPNU MO SUIWLINISP prtges FoUL
AS10us reapOnU pue saoud £310U 10y padodur sem yoeotdde (TAYV) 0) sem 2A1309(qo s Apm3s oy,
’ Se[ paynquusip aarssarSoroine Yy, T
‘S}[NSI Y} WO ‘OS[Y 'SILIIUNOD
3531} 10§ pIyeA st sisaypodLy
OMH Y3 18t} pamoys Apmis Y,
Joyne
o sSurpuy Aoy SPOYIOIN $2A1122(q0 Y IPLL (syogmy N
o Jjo /S
Anunon

‘ponunuo)) 7 414V ],



International Journal of Energy Research

*SUOISSIWR ¢)) JoMO[ pUe puewuap
snsawop AJstyes 03 ASojourpay
Teorr3oape armyny Surziumdo
10§ 2107 [eonId € st JIN
o 9[nsal e sy ‘uduaq A[[esr3o1009
JSOUT ST PU® JUIUWIUOIIAUD U}
0y SurSewrep 3se] st Jey) £30[0UTO
o3 ST ddN P02 STOVIINIS
a1} 0} SUIPIOIOE “TIAIMOL]
21Ny o) Ul BLDSIN UT AJIO11)09[d
Surpraoxd 103 suonnjos 3s2q
a1} a1e s[ny [1ssoj pue (SJIN) syuerd
JoMmod TE3[ONU JBY) PIUTULIDIIP
SEM T ‘HOVSSHIN 23 JO J[NSAI & Y

*SUWII)SAS
uorponpoid AJOLI3d9[e snotrea oy}
£q pasnes afeurep Jo s3s00 pajeroosse
PUE S350 [EJUSWUOIIAUD Y}
$$9SSE 0] Pasn sem apod (SIDVJIINIS)
S100P pUe S)S0)) [BUIIXF
$ UOTJBIdUID) AJIOLIIO3[] SUIssassy
0} poyioN dduig ay [, "eL3IN
ur swaysAs A1ddns A31oue amyny
szrundo o) pasn sem (FHVSSTIN)
109 [EIUSUIUOIIAUY [eISUID)
Iy} pue saaneurd)[y £5893eng
A1ddng AS1ouq 103 [OPOIN YT,

*SUOTSSTIId (O SULIaMO[ JTYM
PUBUIDP [eILI}03[2 21NNy S eIIdSIN
Aystyes 03 XTwr 901n0s A310U9 JUIAPIP
e 3unsa3Sns je powre st pnis oy
0508 AJydno1 03 spenyg 1503 uo Jurpx
1amod jo uononpoid ) PIM

BIIOY]
yinog

[REVIING
Ul SUOTSSIWD IPIXOIP UOQIed
aonpar 0] Suruueld uonersuad
£yo1no9pe urie)-3uoy JurfEpoIy

[z8]
Te 30 Wy

L

‘syued [ewway) [0y [1ssoy aoe[da1 pue
‘sa1310u0 d[qemaual juswa[ddns 03
921n0s peojaseq e se 1oe ‘A3ojouryday
u0qIed-MO] ® st AS10u0 Iespnu jo
juswdoppasp o) 31oddns 03 saA1asaI
A319u0 JuardINs sey [izeig 1o0dar
oy} 03 Surproooy ‘porrad sures Yy
UM Xrur £319us s A13unod oy ur
syue[d 1omod reapnu mou Surdofoasp
Jo Lypiqrssod oy sajerysuowap
orreu2ds Y31y oY, ‘0507 03 6107
UIOJj AUIPIP [[IM asn £31oud JeapNU
‘SOLIBUADS JOUIIDJAI PUB MO 3]}
03 Surpiodcoe ¢ eiduy pue [ eiduy
Jo Suruorssruwodap Yy} JuImor[o,g

"[003 Surpepowt
HOVSSHIN 2y Sulsn pajen(ead
pUE paurwexa sem (0507 [HUN €861
ur wondodut $)1 WO XTI UoneIsusd
Ao1ndape s izexg ur uondo
Areyuowdjdwod e se swrwrerdoxd
£310u5 reaONU © Jo UorjeISAIUT Y],

*STOISSTUID
sed asnoyuoaid Sumnpar srym moid
103095 AS10u9 o) d[oy pnom jeyy
spua} SUIAJIIUSPI pue ‘SoATjRUId)E
Gunownsar ‘saomos £31ous
S[qereAe J[e jo sis[eue y3noioyy e uo
paseq sue[d wia3-3uo[ 03 -wnrpaw
9jea1d 0) sem Juruuelq A31oug
[euoneN [rzerg a1y} jo [eoS oy,

[rzeig

waysAs A31oua reapNU ueIIZEIgG
a1} Jo sisA[eue pajerdajuy

(18] Te 3
ne[srueIsy

9

*10038
£319us s eURYD) UT SUOISSTWD (YQ)D)
9PIXOIp U0qIed SUIONPar 03 £y
a3 2q 03 uaroxd sey xtwr £310u0 Ay

0JuT ‘A315Ud 5[qeMAUDI pUL JEI[ONU St APNIS SIY) UT Pasn sem [00) [ednA[eue

yons ‘sa130[0UDd) UOISIATO0D 310U
UOISSTWIS U0QIed-MO] SUIpn[dU]

‘suonydo ony
SNoLIeA JO s3oedwl [EJUSWUOIIAUD
oy} pue wd)sAs uorjerouad
Jomod a1} Jo uoneMWIS pue
Surpepowr aaneuenb e onpuod 03

(ADVSSHIN) 192PH [EJUSWIUOIIAUF
[eloual) IPY) pue %Mou—mbm
A1ddng AS1ouq 103 [OPOIN YT,

"PUBRTUSP AJIDTIIOI[d AT} 19T
0} £3a1ens £1ddns £31ouo ojqeurejsns
‘U0qIed-MO[ “ULI}-3uo] € Juswd[dur
pue dofaadp 03 spuaur £nunod ay,
"SUOTSSTIIA D)[]D) PaIseaIduT 0) Spea]
Ajqeyaaur yorym ‘puewap £31ous
AU} PaJe[LIsd 2ABY AIJUNOD SUIOOUT
-3[ppIW ® aW053q 03 suonerdse
$J1 ‘S[onJ [1ss0j U0 aouspuadap
QAISSIOXA S BUBYD) 0} an(J

'uRYD

[PPOIN
Teondeuy aSessay eueyn
ur sjue[d I9MOJ PI[aN]-[ISSO]
JO suorssTwg Q) JO UOHBWISH

(85
‘9¢] e 10
yodesedN

S

D

s3urpuy Loy

SPOYIOIN

$2AT}O2(qO

loyne
181y
a) Jo

Anunon

apLL.

(s)Ioyny

N
/S

‘ponunuo)) 7 414V ],



International Journal of Energy Research

10

“ramod
Suronpoid jo $1090 [BJUSTUUOIIAUD
“PUBWILP 2IMINg YNy 03 pue s3s00 aewrep Iy pazdeue
1omod Sunjersuad 10J UOHN[OS ULIA) SIDVJINIS ‘Spuewap aInny
-8uo] 159q s1d437 are sqdN ‘sSurpuy  Asnes 0y L3ojouray A[ddns £31ous
so0loxd oy 03 Surp102oy afewrep  3saq Ay} puy 0} FOYSSTN Suisn

“JUSWIUOIIAUD
a1} uo sanoe} 1emod [ang [1ss0J
pue O1oapoIpAy respnu s )d4A3g
JO s109)2 9s19Ape 3Y) paredwod
2ATIeITUT 3Y ], "sa130[0uT2a)
jueld 1omod snorrea Suowre suondo
A1ddns £1o1115970 21M3NJ 9500 ISNT

1d43q

[eUI91X2 10 sasuadXa JOMO[ InoUl pue  pa[[opout a1om swysAs A[ddns £31ous  309(oxd oy ‘sojdounrd SurpmS saxyy [#8] Te 1
. . Ul SUOTSSTIIA IPIXOIP UOqIed
¢ JUSTUUOIIAUD 3T} UWO JOUSN[UT SSI YT, "(ADVSSHIN) seouanbasuod 3591} o paseq AS19uUd a[qeMaUaT 1d43g powey 6
2onpar 0 sAI30[oud?) UOTjeIdUSS
aaey (sddN) siue[d 1omod respnu [BIUSTUUOIIAUS [e1oudd 111 Sursearour 105 syres £Sarens AS1ous AL 16 Uoneziwnd -PPQV
“Arewzou unerado oy “Lioiose  pue suondo £Sajexns Ajddns £A310us g0z uorsIA s juowruronod uend43g WP J Hezhdo
Jo sorddns wie)-3uoy sjqepuadop 10J [opowt ay} pue (SIOVAINIS)  oy3 ‘Jomod sonpoiad oy sed [ernjeu jo
are syue[d 1amod responu pue uonerauad 1omod jo syoedurr asn a1y Jru] pue Ansnput £310Us a1y
Sed 1Y) paIeIISUOTIAP SINSAT AT, [BIUSTUUOIIAUD 9} SUTBUITISD Ul SUoISSIWd (DHD) sed asnoyuaard
10§ poypowr payrdurs oY) :sppowr SZIWITUTUI 0} JOPIO U] "SIANT[IOR]
1ondwod om) pasn Apnys oy, [eWISY) TeUOnIU2ATOD £q paonpoid
st 1amod s 3d437 o 906 ISOWY
“romod
s.uonjeu ) Jo %388 Suronpoid
$S90INOS A[qeMIUDI PUL Ied[dNU
PIM ‘0507 Teak o) £q aInioniis
£839u0 s A1)UN02 313 JO 99/ dstadwod
M s01no0s AS12Ud [IsSOJuOU
Jet) pue OF0g 210joq Yead jsnur . . .
sondunsuod iaus v sy SO0 NSRS o g 1,230 8
ey aje3s siseoatof oy, “OID €'l Vi) PP vt 12 e 24 JO JMIGIRY U O.L Jo 3 )
10 SUOISSIWS U 58150p ?:JENM s-EWﬁo@ e pafoidurs  amjerodurd) ueswr ?Low E:ME&E Wo Te) d)ew
67 [P10) © (im 101995 LOANIISEO 102(0xd a1y 9a81e) YT D T © 0] [oA9] Ternsnpuraxd oy dooy — 0,7 TeqO[3 2A3TYDE 0] BUTYD) 10§ [¢8]
: : a1} Iopun £e)s 0] S[9AJ] [eI0JD3S PUB  PUE SUO UOQILI-MO[ & O} UOTISULI) ‘ UOeSNIW UOTSSTWD WOGIed pUue  °[e 19 0'YZ
pue uorjelrodsuer) ‘eLnsNpur oY)
[euoneu oY) Je popaau ASojoutpa)  amyonys £310Ud S BUTYY) JeIS[A00R 0] suorjeurIojsuer) wajsAs AS1oug
£q pamo[[oy “10INqIIIU0D IsaIe] oY) ¢
. PUE ‘SUOISSIIID UOQILd ‘PUBWSP  SeM 9A1}22(qo 9y ‘uonednrw adueyd
sem Ansnpur 1omod 2y} ‘0507-020¢
£310u2 21 Amuapr 03 JdpI0 U 2)BWI 0) 2JNQLIUOD 0} IIPIO U]
Jo pourad Juruuerd oy noydnoiyy,
001D F£T a1e 198pnq woqIed
Sururewras a3 10y sywr] pajoafoad
oy, "AI)uad 2y} Jo A[ppIur oY)
£q %0019 95°¢ 03 duIP3p pue £70T Ul
[9A3] 1S2USTY ST YOBAI JSNUT UOISSTUID
UO0qIed S BUTYD) JBY) PIIBIIPUT SINSY
Joyne
A s3urpuy Aoy SPOYIOIN $2A193(qO 1Y opIT, (s)1ompny N
! ! o3| a1 Jo ! /S
Anunon

‘ponunuo)) 7 414V ],



11

International Journal of Energy Research

'syueld 1omod [eurIayy [euonIpeI)
pue sqdN II usn o) paredwod
A1oAT0adsa1 ‘9491 pue %7/

Aq suorsstia pue 1502 Jnd syuerd
Jomod Tewrray) a24> paurquiod pue
$10)0BaI A USD) Ty} Pamoys s3urpuy
oy, "pu[q Jomod responu Arewroisnd

XTI
£319U5 [eWIAY) [RUOTIPEI) S URI] UT

"SUOISSTWd pue $3s0d Surjerado jueld 1omod respnu pue ewIay) © Jjo uonezrumndo
$,URI] Ul Pa)uasaId USYM SUOTIBURWIS [98]
UO SI0}0®3I UIL) JO UOISNOUT 3[24> paurquod e ONPOIIUT O} SWIe yoedw [ejUSWIUOIIAUS puUE
pue sasuadxo Sunjrom o) ] yopeziejeg
9 a3 jo joedwr oy 23ednsoaur o) uer] siy[, “uel] ut juerd amod uonerousd uel] 1500 uonerauad [ejo} 4q Suruuerd 11
uassa[ 03 syue[d 210§ JUIPIp Suoure pue
ur uruuerd uorsuedxs £310u0 9} 0]  AJIOLIOS[0 MU UOISSTUID-MO] pUe uorsuedxa Ayoedes ur s10)0ear AJ
UONEAOUUT JSOUT J} JABY SI0)0LI (ord peyswegq
U6 5 TR PIEASUOWIP pafordwo sem a1emos JSY M OUL,  SAID9J2-IS0D € JO UOHONIISUOD Y} UJD) SPIEMO) JAOW Y} JO S0P
AI'URD 213 1oy 9)BI5[9258 0] ST 2AT}23(qO a1y} ‘pueUIDp
SOWO0dINO A [, “pud[q £310ud s URI] A
A319us ursix ay) SuLoprsuo))
U SI0)OBAI JTWO)E JO JUSUI)IOSSE
oy} pue suone)s A31ous TespONU JO
juowdAoxdwI 9Y) YIIM ININJ Y} UO
Ma14 Jo jutod wirdy-Suo] oY) usamiaq
UOTJR[21I00 B PIONPOIIUT MITAI ],
"SINI[IOB] UOT)BIOUDS
1omod 2211} 953} JO UOTRUIqUIOD
a1y} uo spuadop eare enjewng oy} ‘puewap 1omod Uo ejep [edLIoISIy o oy UM
ur pud £310u0 9y JO UOTJEZIUOQIEIIP U0 paseq anbruysa) SLAWOU0d : o
. ' aSueyp ayewp [eqorS 2yednIw 03
o) ‘Toramo}] "porrad oures a1y ue 3ulsn Jsed910J SeM PUBLIDP
saanjeniur ur Jred axe) o3 uonediqo
unm 9%¥ £z Aq suorsstur azrwrurwr - £310us 9y quawdofeadp (@YD) s HOHE 3U1 1801 SIMSUS uonjeroudd romod paseq-£31ous
ose ueo jueld 1omod [ewroyoad  jonpoid onsowop [euordar ssoid pue 3 STYITY Toned ot e 9[qemaudI pue Jeapnu Juisn (s8] Te 3@
0 . ol : : 03 st [eo3 Y, "A[oA130adsa1 ‘0G0z ersauopuy : 01
MDF'Z 2P oYM %76/ £q uonendod paIapIsuod Jey) SOLIEUIDS uor3a1 eIjRWING Y} UT WA)SAS uepuy
’ : e : pue ¢zogz ur Xt 319U s A13Unod oy ’ : :
suorssTiud no ued jue[d JamodorpAy 9jea1d o], "1omod J0J puewap ¢ Aoinosp o) Surzruoqressq
MD €Tz oy, syuefd 1omod reopnu  pue A[ddns wie-Suof oY) surwiolep JO %1€ pue 9T dn yeu i AF1ous
1 ! I ! 19t ot J[qemauar pue mau ‘A3sjexns AS1ous
Suisn (507 £q uoneziuoqressp pUe UOTJRZIUOQIEIIP JUTUIEXD
: SN U : [euoneu s ersauopu] 03 Surp1020y
%001 2A91Pe 0} Tenuajod 0} pasn sem [opowr A310Us N'Td YT,
31} Sy eISAUOPU JO UOIZAI eIjeWNg
o ‘sSurpuy s Apnys 9y 03 Surpioooy
Joyne
381y N
a1 sSutpuy 4oy SPOYIOI $2A12(q0 5 3O opLL (sypogny
Anunon

‘ponunuo)) 7 414V ],



International Journal of Energy Research

12

14

‘0S0T Ul %1€ pue S7OT Ut %¢ET Jo
s1081e) A310U5 3[QBMIUAI PUB MU S)T

9o 03 (JAN) L0110 A310U7 [RUOEN

s BIsauopu] 1oy paxmbax st AS1ou
JedpNN] SuoIssIuL <)) Surseaioop
S[IYM $3SOD UOTLISUST SISBIIOUT
2A103(q0 T8N 2y Sunjuowajdwr
B} S9JBIJSUOWP SW0OINO Y],

xrwr £31ou9 ojerrdordde o

SUIULINAP 0] PIzZATeUR dIoM UOTOUN]

9A1393(qO 1500-1SBA] ) UO Paseq

symsax uonezrundQ "padofoadp azom
SOLTEUDdS  ASIOUS 9[qeMOUDI pue MaU, | PUE GZ(OT Ul 97 YOraI PINOYs TN

‘[ensn se

» <«

pue ‘A310u9 s[qeMmaUDI

ssautsng,, 3T, "SASONPSO-INVINOIN
pakorduws Apmys sy (o) Suruuerd
uorsuedxs uonerouad 10f ppowr e sy ASI19UD S[qEMIUII pUR MU SN 0)

‘padofaaap aq
03 spaau (JqD) Suruuerd uorsuedxo
uonjeroudd 10y £3a1e1)s B “WIA)SAS
1omod T[eg-eAe( s ersouopuy ut [eod
)T 2A91oE 0} sayoeoxdde aanjeuraye
Suapisuod £g "0S0T Ul %1€

(daN) 401104 A812ug [eUOnEN
s, uonjeU 3y} 03 SUIpI0ddY "0IN0S
A310us aanewIa)e UL St (TYRN)

sueld ersouopu] 10309s 1omod ay) ur
S[onJ [ISSOJ WO 3DURI[AI S)T NP1 O],

BISOUOPU]

eISouopu[

WISAS 1oMo{ T[eg-eAe(
Jo Apmig ase) y :3o8re], A310ug
J[qeMaUy pue MIN SUIAPY

(88] Te 32
efilreg

4!

¥

*$221M0s £319U0 U0GILI-MO] IOT}0 PUE
AS19u0 xe3PONU SpnpUT 0) XTI AF10UD
$)1 JO UOTJEOISIOAIP PUE YIOMIWEL
£orjod s Anunoos ay jo ajepdn ue 10§

33U © ST 2191} 1eY) SIPN[OUOD YOIeISAI

oy, ‘uondo peojaseq e spraoid
10U Op pue D[qe[TeA’ AJUNTULIAUI
aIe Q[qEIaIUN T8 AJT]) ‘SNOIOWNU
9I€ $90IN0SAT A[eMIUI YOIy
*a[qerorun pue pajruay A[renba
are sariddns o1pAy padofaaspun
S[yM ‘0€0T AJres £q o unx
Kewr pue Suryordop axe syue[d zomod
Tewiay) 1omod 0y pasn s[ang [1Ss0j Ay,

"2IN)RIANT] JUBAI[DI ) JO MITADI
onewo)sAs e pue £pnys eorndws ue
ySnoxy) paynuapr a1om Xt £310u

s Anunoo a1 ur AS1oue Teapnu

Surpnpur purysq SUOTBATIOW JY],

“passnostp axe xrur AS1ous oy Uy
AS19us eaponu Jurpnpur 03 pay yey
$I0)0BJ UTRW 3], "JUSWUOIIAUD dJes
e ur A[ddns AS1ous sjqeureysns pue
d[qepuadap 9A109J2-1S00 B 2AIIYOL
03 x1wr 4310u0 $31 ojur AS10UD TESPONU

aje10dI0oUT 0} SPUIIUT BUBYD)

eURYD)

X1\ 4810U7 s BUBYD) UI UOISNU]
A310uq IespPnN J10J STOALI(]

[ss] Te 3
qeIgaq

€l

69

‘uonednrur sfueyo ajewnp
sypedun Apueoyruds pue suorssTD
20D seonpa1 uondumsuod £31ous
Je3ONU ‘S)NsaI uonewnsd Dg-dND
Pue W-dNO 2y 03 urpiodoe (1) pue
pa10AUTOD MOYDWIOS T8 UOTJLIIPISUOD
Jopun s3[qeLIeA dU) JeY) Pajer)suowop
uoneidojuroo densjooq AT 9y
(1) “zopoue duo uo puadap saLUNOD
ordures a1} Jey) pajensuowap
159) 2ouapuadap Teuordas
-ss010 2y (1) Jey pamoys sSurpuyy oy,

*SUOISSIUID QD) U0 J(05
ejrdes 1od AS10u0 s[qemaudr pue

Teapnu jo 1oedun o) Sururirs)ep
USUM PaIdpIsuod a1om potrad Apmys
oy} Surmp uondumsuod £310us pue
eyded 1od awooulr ‘SUOISSIUD 0D
SONd 4L (Dd-dND) p330aii0d
-se1q pajepdn A[snonunuoo pue
(Wd-dnD) paypowr Ay pajepdn
Asnonunuod jo sanbrutpa) ejep
[oued padueape o) pazimn Apns
STY) ‘uonewr)ss edtndws o paseq

*£10T 03 €661 WoIj ejep Julsn suoneu
SOTId a3 103 uonnyiod Jo aseardap
oy sy09e A310Ud JedpNU MOY
saururexs £pnjs sIyy ‘sasnxau uonnjod
£310u5 TRSPNU Y3 pUEISIOPUN
19)39q 0, 'snxau uossturd (¢0D)
apIxorp uoqred pue AS1ous Ieapnu o)
UO S)NSI SAISN[OUOIUT ST} JUIIII
UL UMOUS 9AR([ SAIPNJS SNOIWNN

euIyD

sisATeue Teotdwe uy
$S9LUNOD SO Ul SUOISSIWD
20D SuneSniw 10y 2AT}EUIA)E
10139q © £319ud JE3ONU ST

[£8] Te ¥
uesser]

[4!

D

s3urpuy Loy

SPOYIOIN

$2AT}O2(qO

Joyne

181y
a) Jo

Anunon

apLL.

(s)Ioyny

N
/S

‘ponunuo)) 7 414V ],



13

"OLIRUIDS (NN
304> paurquuod sed [einjeu pue

Ieapnu 2y se uonido ue pood se Jou
ST OLIeu2ds §O)) a3e1o3s pue anjded

"PareaId [[B 2IOM
011eU0S (N2RN)) 924> paurquuiod
Se3 [eIn)eu pue IedPNU B puUR
OLIBUIIS §DH)) B ‘OLIBUIIS JUIseq Y
‘pare[nuIIs a1oM

‘00T pu® 2107
U29M}2q AWOU0I9 PUE JUSWUOIIAUD

uoqes 2y} ‘sSurpuyy 9y 03 SUIPIOOOY SISO [[I2AO0 PUE ‘SUOISSIWD apIXorp s Anunod ay) Suraoxdur e pawre dvdT uo [16]
8 "S[oAd oI J1oT) SULISPISUOD Passasse  WOQIed 9Imyonys A31ous ‘puewop  xtur A31oud oy ozrumdo o) BUIYD JO  BUIYD  Paseq 090 JudWdjeqe UOISSTIS  Suayuer[ /]
a1aM sat3ojout)pa) ‘A31oua Iesppnu  A19119]d a1 Jo sorreuads padopadg  Lorjod Suruuerd AS1ous o) M Suly 20D Jo sisk[eue oLreuadg pue eArT
pue ‘AS1ouo sjqemaunr romod "Tedk aseq oy} se Jurards g1z Yyim  ul suondo xtw uonerousd £ornospe
[euwwzoy) jo spoedwr [ejuowuoIAUS  ‘(jopowr dn-w0)joq) [Ppowr 1omog  JudIdpIp dofeadp o3 swre £pnis Ay,
PUE OIWIOU03 ) YOIBISAT A} UT  -eUTYD-JVIT oY) Sutsn pozA[eue sem
[epowr 1omod-euryD-JvH1 oy Suisn 050z 03 z107 woyy Suruuerd AS1ous
u19)-3U0] pue -WNIPaW S BUIYD)
-a8ued
‘uone1audd A31ou0 IBS[ONU [ENUUR  JJRWI[ SSIIPPE 0} TOYD d132)eI)s
N S atp st "PPMgny pue syuerd romod e se Juawdorpasp 310U TRIPNU
01 AUSW 2100 umeE 10> e POTYT[R0D 03 24l 10308 UOISSIWD 3y Jo renuajod Y3 JO MIIADI JTJRUA)SAS ©
mow . ﬂuum .gww»o d 1e0 umzﬁmu Qwﬂwwmwﬁ syuasardar Py axoym “Pgn x  pajonpuod pue uonersuad ramod 1oy
e cwu TugIs uowo\so . Wm oH © A = 9P sea ‘proae pnod  pazijnn 1am sjue(d [eod jt papiose aq uonydo uonednru
JueRBIoL H “Aepol uonesauad Jeapnu yorym (OOP®yy)  ydrur yerpy suorsstwd (Y0D)) 2pIXOIp B Heont [06] Te 32
9T  JO Jey) se 2ININJ UI aIeys UOISSTWS  , : nzerg  a8ueyd syewrp [eqord e se AS1ous 91
7 0D Jo suorssturd [enuue jo Aypuenb  woqres Jo junoure JY) pajen[esd exonbig
0D 1uareamba jo soueproae ayy ur o : . Tespnu uo saandadsiad Juarmy T
951 ASI5U5 TPaTONU Ul 1USWISOALL 3} dUTULI}AP 0) pasn wonenba Apmys oy, “uoneSnrur oSueyd
i ol 18 @so~ . coﬁ.Mou‘am : ay [, ‘uorye)s 1amod paIy-[eod 9)RWI[O 10J SII30TOUTD2) ATIOID )
200 m Hmﬁ N Mﬁ E M s o e 0} £3191130972 Jo Anuenb jusreamba  jo suo se payrsse st AS10ud IeapPNN
[PQOI2 3P} PAESIPUL APTHS 9UL ue op1aoxd senioey 1omod Jeapnu *SUOISSTWd DF[D) Jo 201n0os ySIy
JeY) pawunsse sem 1 ‘sisA[eue o) 10 SI pue A[[eqo[3 uonersuad L1
JO 999 NOQE I0J SJUNOIIE [oNJ [ISSO]
"00TdMD Jo 4My/ba .
00 876 7 9°87 Jo (AMD) [enustod (Q01dMD) [enuajod Suruwrem eqof3 -sBueyp syeunp
: pue {(dDOJ) renusjod uononpoxd :
Sururrem 1eqoi3 a104d a1y 1038913 ’ : 03 9oUeOYIUSIS [[EISA0 IIDY) UTRLIdISE
I [eqO[8 S[2A3 3J1 au0zo [eoruatpojoyd (gd) GIuots [ Py ut
= e sey] 1omod pumm (Ym/ba-c0D : 0} stsATeue a[24d 9JI[ J12Y) UO paseq
O _ renusjod wonesrydonna «(J1.H)
5 330 F 5°¢) 1omodorpAy pue (ya/ba Palen[ead are saIS0[ouTdd) SNOLIeA JO
S 4 e [enuajod L1010} UBWNY 219M 3S3Y[], : :
3 20D 8¢ 1F%71) 1omod respnu 03 sreneas sxas spedun uowssim jo | TTITISSSTE joeduwr [ejusIUOIIAUY Apmys eury) v :1omod puim (e8]
~ 1S paredwoo “ouesur 10 douerodwr boyen] ¢ UOISSIL § ‘1omod puIm pue ‘Tespnu BUIYD  pUE JEINU ‘-0IPAY JO JUSWISSISSE ST
: * SPUDY 9AY ‘UDILISAI 3} U ‘dIBMIJOS : : Te 30 Suep
g5 ur zomodoIpAy 03 A[uo puoses romodoIpAy are sardojouroa) a[o4o-a31] aanyeredwod v
b vO'1 soxdrwoag a3 £q padooasp
N st 7omod 1eaponu jo soueyroduir oUaLL 10017 U1 SUISh PassassE A310ud uesp sa1yy doy s euryD
=3 Ay, *$901n0s £310Ud S[qEMIUI JAYI0 POISU T00T TIND ot StIsh b *SUOISSIWd (D) seS asnoyuaaid
— 21oM sardoouyda} uonerauad omod T
9] 0} paredwiod $)09jJ [LJUSUIUOIIAUD 351U 3T} JO SIPYD [EIUSUITOIAUS Jo sx2onpoid Jofewr oy jo auo se
= jsour oy} sey] 43o[ourpa) ot w [ : PaynULpI U23q SeY 103095 AS10Ud oY,
£ d on renuaod oy 9o9foxd siyy uy
5 1omod pumm jet) spuy Apnjs oY,
= Joyne
E Surpuy 4 [ 1 N
8 1D SSuIpuy A SPOYIRIN $3A1323(q0 oy o L, (s)ropny P
=
s Anunon
3
m ‘panunuoy)) 7 TGV ],



International Journal of Energy Research

14

juisel
Suo pue wnrpaur oy} ur JUBOYIUSIS
ABursearour aq [m (SD)D) 28e103s
armydeo uoqres pue £319u0 a]qeMaUI
JOAIMOY] "ULId) JI0YS Y UT
DHD Jo uononpal oy 03 Apueoyrudis
2)NqQLIIU0d pnom 1amod Tedpnu pue
‘s2130[0UTDI] [qLMIUIT [EUOTIUIATUOD
syuerd Jomod [eod Aousprye
-y31y Jeyy pajesrpur Apms ay,

144

"SUOT}BNJIS SNOLIBA
1opun suonjdo £3ojouypa) uonerousd
Ayorose mau ayy Apnis 03
padopaadp a1om soLIeudds uonednIw
) pue durpseq AT, ‘TOVSSTIN
Pepouwr £3ojoundey A310us oty Sursn
BUIYD) U UOTPONPII UOISSIWS DD
uo syoedur 11oy) pue sardojouyday
Suryerouad-£1o1109[0 Mau Jo
juowrdofaAsp oy} pazAJeue Apnis 9y,

"BUTYD) UI SUOISSTWS HHD) uo joedur
I} pue sar3o[ouyd) uorerousd
£319u0 snorrea jo yuswudofoasp
3y} 2)eN[EAd 0} Sem A1}OA(qO
Arewad s Apnys oy, “uonednruw
DHD 10§ renuajod jueoyrudis
Suraey se paynupI U22q JARY
sardoouoa} A310ud UOTSSTW UOQIED
$S9] pue JUSDIYR-A310Ud IO
*SUOISSTUID H]D) dZITUTUTUT
03 sar3ajens pue sapiod Sundope
Je pawre ST A1}Unod ayJ, "eury)) ur
SUOISSTWD DFD) 0} J0INQLIFU0D Jofewr
® ST 10309s uoneruasd romod oy,

BUIYD) UI OLIBUDS
uoneSnw seS asnoyuoaid

*S[oNJ [BUOTJUIAUOD I0J SJUD
G1'8 03 paredwod s3uad g'¢ AJuo jo
UMY 1od 31500 © YIIM ‘S[on [ISSOJ UBY)
1omod a3ea10 0y 19deaTd 2q 03 UMOYs
sem £81oud IedpONN ‘Y] Y3 UI S[anJ
LS [1Ss0j woij uonerauad AJoInoae ey

9[qeIA A[[eoTIIOU003 210U sem AS1oua
Teapnu ‘osTy "A310ud a[qemaual
pue ainydes uoqred uey) SUOISSTUID
20D Surqnd ur 210D J[qer[aI Jsour
a1} 3q 0} pazI[ea sem A310Ud TespnN

‘pajernuurs pue padofoadp
a1oMm ‘sorreuads pasodoid (F9D)
eI A310U ued oy} pue (0OF1UJV)
£3ayens reapnu pasodoxd
s AVN Ay (V) [ensn se ssauisnq
Surpnpur ‘sorreusos [ang/Ajddns
A319u9 swog ‘epowr FOHYSSHIN
a1y} Sursn pajenyead a1am 0507
0y dn gy oy ur sed asnoyuoaid
pue puewdp AL A,

"[020301
0104 23U} YIIM 20ULPIOIDE UT ()SOT
1ea£ o) 03 dn a8eys Juswdorpadp
3y} WoJ suoIssTd ) Juonpal
ur xrur A8719uo J101) ur AS19UL TRIPONU
Jo uorsnpur pasodoid sy 2y}
Jo joedwr 97 SSSISSE YOILISAI SIY T,
‘uoneIaudd LJ1I3ose 10y SNy
[ISSOJ JO asn 3} 0} NP QGG OUIS
A[snopuauran) paseadoul aaey TV
3} UI SUOISSTUID <)) A[Teaf Iy,

A1) s3urpuy Aoy

SPOYIPIN

$2AT)O2(qO

PO ayy zopun suondo A3ojouyoa)
uornjerauad romod maN
sojeIruy
qery payup Y} UI SUOISSIWD
avin 0D SuneSnrw ur 4819ua
Teapnu jo 301 [enuajod oy,
Ioyne
IsIy
a1 Jo SPLL
Anunon

[€6]
e 30 NI 61
[z6] wItH
-nqy pue 81
BLIR[Y
N
(s)roymy S

‘panunuoy) iz 414V,



International Journal of Energy Research

quarters of all anthropogenic greenhouse gas emissions
worldwide. Since 1990, the energy supply, industrial, and
transportation sectors have contributed the most to emission
growth. In 2020, the energy supply sector emissions were
estimated at 20 GtCO,e, representing 37% of global emis-
sions. This includes electricity and heat production, which
contributed 14 GtCO,e in 2020 and accounted for 25% of
the emissions [99]. Carbon dioxide (CO,) emissions from
the combustion of fossil fuels reach around 34 billion tonnes
(Gt) per year worldwide. About 45% comes from coal, 35%
from oil, and 20% from gas [100]. Although electricity
accounts for only 20% of total energy use, it accounts for
40% of all energy-related emissions. Hence, achieving net zero
emissions will require a fundamental overhaul [39, 40, 100].

Both fossil fuel and nonfossil fuel power systems pro-
duce greenhouse gas emissions during their life cycle, mainly
due to the energy needed for their manufacture, construc-
tion, and operation, as well as upstream CH, emissions
[101]. Approximately 60% of the electricity supply in the
US is generated from fossil fuels, primarily natural gas and
coal. Hence, electricity generates the country’s second-
largest share of GHG emissions [102]. Although electricity
generation technologies produce GHG at some point in their
life cycle electricity industry, it is the most readily decarbo-
nized sector. Introducing nonfossil, low-carbon energy
sources such as hydro, nuclear, wind, solar, and other renew-
ables in the power generation mix provide the means to
decarbonize the electricity industry [100].

To evaluate the climate change mitigation potential of
power generation technology, comparing total (direct and
indirect) GHG emissions per unit of electricity produced is
critical. Due to higher direct combustion emissions, such
as CH, from fossil fuel extraction and indirect land-use
change emissions, coal, gas, bioenergy, and hydropower gen-
erate significantly more specific GHG emissions than
nuclear, wind, and solar power [102].

As the global impact of climate change becomes more
apparent, the message that greenhouse gas emissions must
be reduced is unequivocal. Nonetheless, the Emissions Gap
Report (EGR) 2022: The Closing Window - Climate Crisis
Calls for Rapid Transformation of Societies shows that the
world community is falling well short of the Paris goals, with
no realistic pathway to 1.5°C in place. Only an immediate
system-wide shift can avert climate devastation [99].

3.2.2. Impact of Greenhouse Gas Emissions on Climate
Change. The world has been experiencing environmental
degradation for decades as a result of an increase in green-
house gas emissions (GHG) primarily from the fuel and
technology used for power generation [58, 103] which has
led to temperature rise [104] and changes in national and
region climates [105]. Studies over the decades have shown
that although all nations have high pollution levels, the more
industrialized and densely populated nations produce most
of the world’s pollutants [106]. Despite the economic down-
turn in many sectors due to the coronavirus pandemic,
global emissions in 2020 exceeded 34 billion tonnes and
had recovered to levels that were nearly prepandemic by
the end of 2022 [78]. However, greenhouse gas emissions
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from one country may contribute to pollution and global
warming and negatively impact economic growth in other
nations [107]. The study confirmed that fossil fuel is a major
source of greenhouse gas emissions and a driver of carbon
intensity [58, 78]. Most authors concluded that promoting
clean and alternative energy sources as an alternative to fos-
sil fuels reduces carbon emissions [80, 85, 89].

3.2.3. Nexus between Nuclear Energy Generation and the
Environment. Among all the low-carbon energy sources,
nuclear energy has been the most contentious; its deploy-
ment has sparked much debate in the literature. Numerous
conflicting pieces of evidence have been documented on
the impact of nuclear energy and environmental degradation
[80]. For instance, some countries, including Germany and
Italy, have shut down all nuclear power plants and now
depend on renewable energy sources, asserting that the risks
of nuclear power are uncontrollable. Hence, nuclear phase-
out keeps their countries safer and avoids more nuclear
waste. Meanwhile, nuclear power is experiencing a renais-
sance in China, Russia, and India to augment their energy
supply since it is considered clean and safe [108].

Research previously done by Usman et al. [109], Sarko-
die and Adams [110], and Mahmood et al. [111] has demon-
strated the negative consequences of nuclear energy on
environmental deterioration. Most research conducted on
the GHG emission reduction practices of the BRICS nations
between 1993 and 2017 indicated that despite being effective
at reducing emissions, nuclear energy is suboptimal to
renewable energy for promoting pollution reductions
[112]. Also, some research has proven that nuclear energy
has a negligible impact on the world’s top five most polluted
nations (i.e., the United States, China, India, South Korea,
and Japan) despite the efforts to reduce environmental pol-
lution considering the impact of renewable energy develop-
ment [78, 112, 113]. Similar results were published by
Iwata et al. [114] for 11 OECD nations, wherein only Fin-
land, Japan, Korea, and Spain showed that nuclear power
had a beneficial effect on carbon dioxide emissions [87]. Fur-
thermore, some academics, politicians, media, and nongov-
ernmental agencies emphasized the adverse effects of
nuclear energy. These drawbacks include the threat posed
by nuclear waste disposal to the environment and human
health, operational risks such as the explosion that can have
lethal consequences, or the huge investments and opera-
tional expenses to establish and operate nuclear reactors
[115]. Saidi and Omri [116], Baek and Pride [117], and Ulu-
cak and Erdogan [118] are some of the known studies that
have discovered a negative association between nuclear
energy and environmental deterioration.

However, recent research has produced findings demon-
strating nuclear energy’s efficiency in reducing emissions.
Hence, nuclear energy is projected to replace conventional
fossil fuel energy for electricity generation, which discharges
much CO,. Hassan et al. [119] investigated the impact of
nuclear power and technical innovation on environmental
pollutants. According to the ARDL analysis, nuclear power
is a clean energy source, and technological progress can also
assist in reducing environmental damage.
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FI1GURE 3: Yearly distribution of the publications reviewed.

According to the IAEA report, in comparison to other
sources of energy, nuclear power produces one of the fewest
amounts of greenhouse gases (GHGs) per unit of electricity
produced [120]. Also, some empirical findings indicate that
nuclear energy aids environmental sustainability [121]. Fur-
thermore, empirical results also show that nuclear energy
consumption improves air quality, recommending a quick
adoption of nuclear energy in India’s energy mix [122].

Most research articles asserted that nuclear energy is the
most reliable option for achieving national and regional CO,
emission mitigation targets while meeting the energy supply
need [81, 82, 84, 88, 89]. Furthermore, along with the rapid
increase of emerging industrialized countries, the global
geography of the development of nuclear energy is undergo-
ing a spatial reconfiguration phenomenon, as indicated by
studies on research and collaboration among nations. How-
ever, in response to the call on climate change mitigation
and energy challenges confronting the Middle East and
Africa, some countries in these geographical regions are
incorporating nuclear solutions into their energy and envi-
ronmental planning strategies, evidenced by the number of
requests for Integrated Nuclear Infrastructure Reviews from
TIAEA Member States (INIR) [39, 40].

Although wind energy has proven to be very efficient
among sources for pollution and climate change mitigation
[78, 88], comparatively, nuclear and other renewable energy
sources have lower global pollution levels [84, 88-90, 92].
Studies conducted by Apergis et al. [123] on data from 19
industrialized and developing countries between 1984 and
2007 showed that using nuclear energy significantly mini-
mizes CO, emissions [117]. Based on a panel cointegration
analysis of 12 major nuclear generating nations to determine
the impact of nuclear power, energy supply, and income on
CO, emissions, it was concluded that nuclear energy reduces
CO, emissions [124]. Other researchers have asserted that

including nuclear power in the energy mix is essential for
achieving GHG emissions and carbon intensity targets while
ensuring adequate energy security [78, 81, 85]. According to
a study on Egypt’s energy mix, nuclear power plants (NPPs)
have low external damage costs and minimal environmental
impact during normal operation. This makes nuclear power
plants one of the long-term electricity generation choices for
the country to satisfy future electricity demands while contrib-
uting to combating climate change [84].

Although Ghana has some renewable resources, they are
unreliable since their supply is sporadic and cannot be
depended on as a baseload technology. Nuclear energy must
be included in its energy mix diversification options to meet
the country’s long-term energy need and the nationally deter-
mined contribution (NDC) of greenhouse gas emission mitiga-
tion target. In view of this, Ghana has initiated developing a
nuclear power plant to address future energy security and con-
tribute towards reducing greenhouse gas emissions [55, 58].

3.3. The Trend of Publications and Citation. A graph of yearly
publications on power generation and emissions is shown in
Figure 3. The graph shows that there were no substantial pub-
lications on the subject between 1962 and 2003. However, the
Scopus bibliometric analysis data gathered on the contribution
of nuclear energy towards global decarbonization indicated
that the published articles increased from sixteen to forty-
five between 2004 and 2022, with the highest number of
fifty-two publications in 2021. Overall, an annual average of
thirty-three articles were published within the period.

3.4. Research Contributions and Collaborations among
Countries. The coauthorship network of countries on emis-
sions from electricity generation and the contribution of
nuclear energy in GHG mitigation are depicted in Figure 4.
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The Scopus research data were exported to Excel CVS
and analyzed using VOSviewer. In all, 741 cited published
papers were subjected to a threshold of two in the VOS-
viewer analysis, with contributions from 88 different coun-
tries. Among all the nations, the United States was the
most prolific contributor with a contribution of 179 docu-
ments, 3908 citations, and a total link strength of 73 with
other countries. Other major contributing countries to the
research are the United Kingdom, China, France, Canada,
Germany, India, South Korea, Russia, and Taiwan. Few Afri-
can countries, such as Egypt, South Africa, Tunisia, Nigeria,
and Ghana, have contributed with limited collaboration to
the research. The continent’s contribution to knowledge on
energy and emission management is limited.

The studies show that research on the impact of
nuclear in reducing GHG emissions has generally concen-
trated on single or several nations, and the research meth-
odologies are mostly life cycle evaluation and case studies.
However, few researchers have investigated the global spa-
tial distribution of nuclear power generation and the
impact of the geographical distribution of nuclear on
global GHG emissions.

3.5. Network of Coauthorship among Researchers. The Sco-
pus data processed in VOSviewer indicates that Ghanaians
authored three documents, made eighty-five citations, and
collaborated with only the UK, Russia, and Turkey between
2020 and 2022. The VOSviewer analysis in Figure 5 shows
that the most prolific publications were from 2010 to 2022.
Among several researchers, B.W. Brook has made the most
significant contribution with ten publications, 445 citations,
and a link strength of 10 with seven international affiliates. S.
Hoon has produced 7 documents, received 230 references,
and had a link strength of 7 with the other 7 nations, as
shown in Figure 6.
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3.6. Cooccurrence of Author’s Keyword Analysis. The
researcher’s most occurrence keywords in a published paper
provide valuable information on the research area of inter-
est. The author’s keywords indicate their research interests
and priorities in their chosen field [125]. The keyword anal-
ysis was essential to the study because it enhanced the arti-
cle’s search, increased its citation, and confirmed the
dataset extracted concerning the objectives.

In this systematic review, the number of occurrences of a
keyword considered by the VOSviewer network for this
analysis was a minimum threshold of five times. In all,
1583 keywords were identified, of which forty-three met
the threshold limit. A network of the cooccurrence keywords
frequently used is illustrated in Figure 7. The cooccurrence
network diagram generated has keywords such as nuclear
power, nuclear energy, renewable energy, GHG, emissions,
climate change, electricity generation, energy policy, carbon
emission, carbon dioxide, and decarbonization. The quest to
mitigate climate change has increased the interest of
researchers through the cooccurrence of the keywords.

The high interest in using the technology for climate
change mitigation has received a fair research effort from
researchers by the cooccurrence of the keywords such as
nuclear power, nuclear energy, greenhouse gas emissions, cli-
mate change, electricity generation, and carbon generation
dioxide, found in its cluster. The benefits of the technology
are included in the studies of scholars as suggested by key-
words such as climate change mitigation and decarbonization.
The cooccurrence network diagram inferences further support
the authors’ earlier categorization of documents. The network
diagram indicates a gap in research and interest among coun-
tries which are yet to develop some nuclear plants.

3.7. Overview of Energy System Planning Tools and GHG
Emission Models. Most recent global and national accords
on energy and environmental nexus necessitate energy plan-
ning models (EPM) [126] in the sector’s development at the
regional, national, and international levels to influence
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policymaking and implementation [127, 128]. Energy plan-
ning models are key to energy security and decarbonization
of the sector [126], allowing multicriteria analyses of the
effects of energy policies on the economy and environment.
Scenario analysis is commonly employed in modelling tools
to evaluate various assumptions about technology, environ-
ment, and economic variables. Among their likely deliver-
able outcomes are the system viability, natural resource
utilization, total financial costs, greenhouse gas emissions,
and energy efficiency of the system analyzed [129].
Effective long-term energy planning and the penetration
of clean energy technologies towards decarbonization [130]
necessitate incorporating advanced computational tech-
niques and model software. Many available tools and model
software for energy planning include LEAP, MESSAGE,
MARKAL/TIMES, EnergyPLAN, RETScreen, NEM, and
0SeMOSYS [131]. Incorporating multiple models into mul-
tipurpose energy modelling improves its functionality under

centralized decision-making [132]. The multicriteria assess-
ment (MCA) approach can deal with a wide variety of
uncertainties and input data, as shown by energy assessment
studies [126, 133, 134]. However, to evaluate the effective-
ness of GHG mitigation objectives and other decarboniza-
tion policies such as sustainable development UNEP
Balancing Energy and climate change policies, many coun-
tries have adopted models such as LEAP, MESSAGE, MAR-
KAL, and AIM among others [135]. The applications and
results of the modelling tools differ due to underlying con-
straints, gaps in the energy industry, and the model’s
categorization.

According to the research, there are numerous and var-
ied ways to describe energy system models, but very few, if
any, models fall into a single clear category. However, Hour-
cade et al. [136] determine three key differences among
energy models, including the models’ goals, structures, and
external or input assumptions. In order to categorize energy
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models, Grubb et al. [137] mentioned that there are six classi-
fications of energy-economy models. These are “top-down”
and “bottom-up,” “time horizon,” “optimization and simula-
tion techniques,” “level of aggregation,” “sectorial coverage
(energy and economy),” and, finally, “geographic coverage,
trade, and leakage.” Other researchers also categorized energy
models into seven classifications, which are as follows: simula-
tion, scenario, equilibrium, bottom-up, top-down, investment
optimization, and operation optimization modelling tools
[138-142]. Some other classification methods are based on
mathematical techniques, the amount of data required, the
models’ complexity, and the models’ flexibility [143]. More-
over, planning models can be classified into the following cat-
egories: energy planning models, forecasting models, energy
supply-demand models, renewable energy models, optimiza-
tion models, and emission reduction models [144]. Table 3
depicts the classification of the energy system models accord-
ing to their analytical approach, type, mathematical approach,
time horizon, coverage and spatial application, sector and
scope, and interactive user features and accessibility.

Energy system models can be designed to have a broad
spectrum of applications and scopes, such as international,
regional, national, municipal, or stand-alone. Most countries
develop or use a number of energy models for their energy
planning and policy development [150]. For instance,
modelling was used to analyze the long-, medium-, and
short-term CO, emission reductions in the United Kingdom
[128, 151], Asia, and South and North America and emerg-
ing economies like Africa [139, 144, 152, 153].

Energy models have gained significant attention in all
countries; however, each country either develops its own or
adapts one or more models, as depicted by Table 4, depend-
ing on factors such as energy sustainability, planning policy,
or environmental treaties. In Colombia, the LEAP was used
to forecast the country’s energy need from 2030 to 2050,
considering climatic change, technological advancement,
and demand for clean energy [154]. The effect of power con-
servation and emission reduction on the transport sector in
China was evaluated using the Long-range Energy Alterna-
tives Planning (LEAP) tool [98, 155]. The electricity demand
and supply forecasts, environmental impacts, and costs in
Nigeria were determined using the LEAP modelling tool
[157] and also for the energy planning in Kenya to analyze
the electricity demand, potential atmospheric pollutants,
technology stocks, and greenhouse gas (GHG) emissions
from 2010 to 2040 under various scenarios [157]. As part
of measures to mitigate against the impact of greenhouse
gas (GHG) emissions from Iran’s electricity generation sec-
tor, the LEAP software was employed to analyze the electric-
ity demand, generation costs, and the volume of carbon
dioxide emissions from its thermal power plants between
2011 and 2030 [98]. To develop an optimal energy genera-
tion plan from 2010 to 2040 for Ghana, the Open Source
Energy Modelling System (OSeMOSYS) was integrated into
LEAP to analyze the economic, technological, and environ-
mental ramifications of the country’s renewable energy pol-
icies [158]. Also, the OSeMOSYS and the LEAP were utilized
to optimize energy generation to curtail the impact of green-
house gases [32].
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In China, eight renewable-based scenarios for the effec-
tiveness of intended nationally determined contributions
(INDCs) were developed with the EnergyPLAN model
[182]. This software was employed in modelling Tanzania’s
energy sector planning [179] and Malaysia’s 2010 to 2050
energy sector development [183]. Moreover, the Energy-
PLAN was used to model the Irish energy system [131] as
well as for researching Latvia’s long-term ambitions for
domestic energy production [184].

Franco and Salza [185] investigated Italy’s technoopera-
tional goals for the optimal penetration of inconsistent
renewable energy sources in intricate energy networks using
ENPEP-BALANCE. Also, the potential renewable electricity
to reduce greenhouse gas emissions in Macedonia [186] and
Portugal [187] was evaluated using ENPEP-BALANCE.

The MESSAGE, an energy optimization bottom-up
planning tool, is used to determine the efficient and econom-
ical investment for energy generation [140, 188]. Syria’s
long-term energy supply optimization strategy to minimize
the cost of energy generation and supply from 2003 to
2030 was developed with MESSAGE [189]. Malaysia applied
the model to its financial analysis of energy growth and the
related carbon emissions between 2009 and 2030 [172,
190]. Moreover, MESSAGE was used to develop the world
energy transition GHG emission scenarios for the World
Energy Council and the Intergovernmental Panel on Cli-
mate Change [131]. In Indonesia, it has been applied to eval-
uate the contribution of nuclear power and other alternative
electricity generation sources to mitigate greenhouse gas
emissions [191]. Using the MESSAGE model, the energy
supply, demand, and associated environmental factors from
the various energy sources in India were analyzed [192]. The
MESSAGE model was used to assess how Brazil might
expand its electricity supply system while minimizing green-
house gas emissions [81].

The International Atomic Energy Agency (IAEA) has
offered training to most countries in Latin America, the
Caribbean, and Africa on using MESSAGE for energy plan-
ning. Some Latin American and the Caribbean countries
that have used MESSAGE for energy planning are Argen-
tina, Brazil, Nicaragua, Paraguay, Uruguay, and the Domin-
ican Republic [176]. For instance, an energy study carried
out in Brazil employed a combination of MAED and LEAP
for demand side modelling and MESSAGE model for supply
optimization to identify the most cost-effective solution for
the projected climate change target by the country’s electric-
ity generation sector from 2005 to 2035 [164]. The Interna-
tional Renewable Energy Agency (IRENA) assisted the five
African power pool regions (West, Southern, Eastern, Cen-
tral, and North) in developing specific country scenarios
for the analysis of renewable energy prospects using MES-
SAGE [193].

MESSAGE is a bottom-up methodology used by govern-
ment energy planners worldwide to determine the cost-
optimal supply mix and accompanying investment require-
ments [193]. In partnership with the World Energy Council
(WEC) and the Intergovernmental Panel on Climate Change
(IPCC), MESSAGE has been used to create pathways for
global energy transition, focusing on preserving the climate.
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MESSAGE can be used to model all the energy sources such
as renewable energy, thermal generation, nuclear and carbon
sequestration, GHGs, and other radiative materials intended
to stabilize future CO,-equivalent concentrations [194].

The extensive use of the MESSAGE software globally has
proven that the model could be used to study energy and its
climate change impact in Ghana.

4. Conclusion

The increasing concern over the potential adverse effects of
climate change on the world’s environment makes energy a
key part of sustainable development. Since carbon emissions
from fossil fuels for electricity generation are the primary
sources of GHGs, research on carbon neutral development
path is critical to mitigating the possible consequences of
this issue in the following decades. Existing studies have
debated whether nuclear power can reduce GHG emissions.
Meanwhile, numerous studies have revealed the relevance of
nuclear energy in reducing GHG emissions. However, few
researchers have investigated the global spatial distribution
of nuclear power generation and the impact of the geograph-
ical distribution of the nuclear on global GHG emissions.

Research by Jaskdlski and Bucko indicated that energy
systems require technological innovations to achieve climate
neutrality. In Poland, where obsolete coal-fired power plants
dominate the electricity system, efforts to reduce environ-
mental effects are coupled with substantial expenditures.
As a result, optimal energy sector development paths were
to be identified to achieve ambitious long-term strategic
goals while minimizing the negative impact on climate
change and consumers’ household budgets. A methodology
and a model for developing the electricity and heat genera-
tion structure were developed and implemented in the mar-
ket allocation (MARKAL) modelling framework. Two
scenarios were presented: baseline (BAU) and withdrawal
from coal (WFC). The research revealed that nuclear energy
and offshore wind power play a substantial role in achieving
climate neutrality in electricity generation. The projected
development paths ensure a significant reduction in green-
house gases and industrial emissions [77].

Also, Naimoglu investigated the effects of nuclear
energy, energy pricing, and energy imports on CO, emis-
sions in the short and long term for ten energy-importing
rising economies that employ nuclear energy using the auto-
regressive distributed lag (ARDL) technique. The study’s key
finding was that the EKC hypothesis is valid for these econ-
omies. Hence, nuclear energy consumption and energy pric-
ing minimize CO, emissions. However, energy imports raise
CO, emissions. When measured as a coefficient, a 1% rise in
nuclear energy utilization and energy pricing reduces CO,
emissions by 0.04% and 0.02%, respectively. However, a
1% increase in energy imports raises CO, emissions by
0.09% [79].

Based on Egypt’s sustainable development policy, the
country’s Vision 2030 was unveiled by the Egyptian govern-
ment in 2016, with energy being a critical component of this
vision. Renewable energy was given in the country’s 2030 as
the best alternative for reducing greenhouse gas emissions
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(GHGs) in the energy sector. However, the country depends
on natural gas for its electricity generation. The country
planned to expand its reliance on renewable energies, cut
CO, emissions, and limit power production from natural
gas. The research was carried out on the environmental con-
sequences and external costs of Egypt’s fossil, hydro, and
nuclear power plants to provide a complete picture using
MESSAGE and SIMPACTS models. Nuclear and gas power
plants were shown to be long-term electricity suppliers.
However, the research concluded that nuclear power plants
are the best long-term alternative source of electricity gener-
ation for Egypt to fulfil future demand [84].

As part of Nigeria’s policy to cut emissions to meet the
Paris Agreement’s aim of limiting global mean temperature
rise to 1.5 degrees Celsius, research was conducted to deter-
mine the alternative optimal energy mix required by the
country to meet its long-term sustainable electricity demand
and reduce CO, emissions. The MESSAGE and SIMPACTS
models were used in this study to evaluate two case scenarios
of Nigerian energy supply systems in order to determine the
optimal energy supply technology to satisfy future demand
and estimate the environmental impacts and resulting dam-
age costs during the normal operation of various electricity
generation systems. The MESSAGE results show that fossil
fuels and nuclear power plants are the best electricity gener-
ation technology for meeting Nigeria’s projected energy
needs. The SIMPACTS code results show that nuclear power
plants have the lowest damage costs due to their negligible
environmental impact during normal operation. As a result,
nuclear power plant technology is the most environmentally
friendly and best alternative for optimizing future electrical
technology to fulfil demand. The findings of this study will
be used as a reference source in modelling long-term energy
mix, lowering CO, emissions in Nigeria (J. [82]).

According to the World Nuclear Association’s August
2023 report, nuclear energy accounts for around 10% of
global electricity generation, with approximately 440 power
reactors. Nuclear power is the world’s second-largest low-
carbon energy source, accounting for 26% of total output
in 2020. Nuclear energy is used in almost 220 research reac-
tors in over 50 nations. Nuclear energy is used in around 220
research reactors in over 50 nations. Thirteen countries pro-
duced at least one-quarter of their electricity from nuclear in
2021. Nuclear energy provides around 70% of France’s elec-
tricity, while Ukraine, Slovakia, Belgium, and Hungary
receive approximately half of their electricity from nuclear
sources [195].

Like many other African countries, Ghana formulated
developmental and energy policies guided by international
agreements such as the 2015 Paris Agreement on climate
change. Although Ghana is endowed with fossil fuel, hydro,
and renewable resources to drive its industrial ambitions, the
indigenous gas fields feeding some thermal plants for elec-
tricity production are decreasing. They could run out by
early 2030 unless new fields are discovered, and price volatil-
ity may also affect them. The untapped hydro resources are
also small and unreliable if the country seeks to become a
middle-income country. Despite the abundant renewable
resources, they are intermittent and do not present a
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baseload option. To safeguard Ghana’s energy security and
reduce CO, emissions, the country seeks to include nuclear
energy into its energy mix [55].

In line with the 2015 Paris Agreement, all Parties to the
United Nations Framework Convention on Climate Change
(UNFCCC), including Ghana, have concerted to formulate
nationally determined contributions (NDCs) to reduce
GHG emissions to keep the increasing world’s mean surface
temperature below 2°C by the end of the century [39, 40].
The TAEA 2022 report indicates that Ghana has initiated
the development of nuclear power emerging nuclear pro-
gramme to be included in its energy mix since nuclear
energy is crucial to the country’s energy transformation plan
as well as working towards the realization of its nationally
determined contribution (NDC) to the UN framework on
climate change.

The study used Scopus data for bibliometric analysis and
systematic review to investigate the role of nuclear energy in
curbing greenhouse gas (GHG) emissions from electricity
generation and the extent of research on the subject area.
This review has highlighted that the development of nuclear
energy has fewer adverse effects on the environment during
regular operation and is also one of the significant sources
for optimizing energy demand.

Furthermore, along with the rapid increase of emerging
industrialized countries, the global geography of the devel-
opment of nuclear energy is undergoing a spatial reconfigu-
ration phenomenon, as indicated by studies on research and
collaboration among countries. The bibliometric analysis
showed that developed countries such as the USA, UK,
and China endowed with nuclear energy had significantly
contributed to the research area. In contrast, only a few Afri-
can countries, including Ghana, have contributed to the
research and have had limited collaboration with other
countries. The scoping review indicates the continent’s lim-
ited contribution to energy and emission management
knowledge.

The feasibility of future energy systems is a complex
undertaking that can be accomplished using energy models
based on the system approach. The studies looked at the
classification of various energy models developed or used
by some countries for energy planning and analysis of green-
house gas emissions to assist policymakers with climate
change mitigation-related energy concerns. Effective GHG
reduction measures can be found within the many compo-
nents of energy systems. The energy models can analyze
the effectiveness and impact of technologies, energy sources,
and other input data parameters of the developed scenarios.
The energy models provide insight into the viability of the
life cycle analysis of several energy sources. There are
numerous models for adopting low-carbon energy technolo-
gies and resources for planning to achieve energy security
and curb GHG emissions. However, the MESSAGE model
will be used for energy planning in this study.

Although the systematic review indicates that numerous
research studies have been carried out on the impact of
nuclear energy on CO, emissions, there are some limitations
with these studies as a result of the available data, the period
of the research, the data utilized, the weaknesses in model-
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ling approaches, and the variables used in the models [78,
124]. Further, another limitation was the assessment of
numerous publications from one database since publications
not indexed in the Scopus database may not be considered in
the review [196].

The findings of this research on nuclear energy are cru-
cial for directing Ghana’s energy policy and planning to
achieve its objectives on energy supply and the aim to reduce
greenhouse gas emissions, which adversely impact climate
change. Additionally, these studies on nuclear energy may
not only offer a solution to Ghana’s electricity shortages
but could also aid in a smooth transition away from
carbon-based technology to clean energy and less environ-
mentally harmful power generation sources [197]. Further-
more, the research avails Ghana the opportunity to
comprehend the gains it stands to make in the development
of its nuclear power programme in energy security and the
mitigation of greenhouse gas emissions.

The main objective of this study is to contribute to the
knowledge of nuclear energy and the environment with an
enhanced model and variables. For Ghana to be able to work
towards the feasible achievement of energy security and a
sustainable environment, there is the need to fulfil these
requirements:

(i) Understand the current state of the energy system
to identify the potential capacity of the nuclear
energy required to meet the future electricity
demand and estimate their impact on GHG emis-
sion reduction in Ghana

(ii) Establish quantitative targets for GHG emission
reductions in the future to meet the country’s
NDC target

(iii) Develop alternative optimization scenarios consid-
ering the introduction of different capacities of the
nuclear power plants within a scheduled time in
correspondence with demand

The transition to a modern, cleaner energy pathway has
recently received global attention. Although nuclear energy
has emerged as a cleaner alternative energy source and is
garnering significant policy attention, the impact of nuclear
energy on greenhouse gas emission mitigation remains
inconclusive in the existing literature. As a result, this study
examines the dynamic linkages between GHG emissions
from electricity generation and the mitigation with the intro-
duction of nuclear energy in Ghana’s energy mix in the long
term. With the stated limitations and Ghana’s status as an
emerging nuclear country and the need to fulfill these
requirements, there is a need for further research on the
nuclear power programme to enhance the knowledge level
on the policy implementation and the contribution of the
country to climate change mitigation.

Although good research has been done on energy
resources, climate change, and the impact of nuclear energy,
considering the current level and rate of technology progress
in the energy sector and the global concerns on the slow pace
of countries’ transitions towards decarbonization policy
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implementations, complete climate neutrality is question-
able. Therefore, further research is needed to achieve global
net zero decarbonization by 2050.
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